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Abstract 
The mini-PET system employed in this study incorporates two blocks of BOO 
detector crystals. Each detector module contains a 25 x 54 mm block of BOO which 
is segmented into a 6 x 8 array of crystal elements, 3.5 mm ( transaxially ) by 6.25 
mm ( axially ) and 30 mm ( deep ). The crystals are coupled to two Hamamatsu 
R1548 dual photomultiplier tubes ( PMTs ). The segmented BOO detector block is 
currently being employed in a number of the commercially available positron 
tomographs. 
While the above mentioned block detector has significant advantages over 
discrete detectors, better energy resolution, sensitivity and axial resolution, it also has 
disadvantages such as: inter-detector scattering, and variations in sensitivity and energy 
and spatial resolution across the face of the detector block. 
In this study the variation in the efficiency, energy resolution, position of the 
full energy photopeaks, spatial resolution and the amount of inter-crystal scatter 
fraction for the individual detector crystals across the face of the detector block were 
investigated. The factors contributing to these variations were identified and 
suggestions for reducing their effects were made. For example, the inter-detector 
scattering and the light sharing scheme, employed in the detector block for the 
identification of the crystal of interaction, were found to be the cause of 
mispositioning the events. 
Two novel techniques which showed several advantages over the techniques, 
employed by other groups, for evaluating the amount and distribution of inter-crystal 
scattered events were also established. The amount of inter-crystal scatter fraction for 
111 
one of the central detector crystals, utilising both of the above mentioned techniques, 
was obtained and found to be almost 36%. The spatial distribution of such scattered 
events had a FWHM of 1.4 mm which its convolution with the so called ideal LSF 
of the crystal deteriorated its FWHM by 0.5 mm. 
It was shown that the energy distribution of the majority of the inter-detector 
scattering events was around the 511 ke V peak and these scattering events were 
detected within the full energy photopeak of the true events. Hence it is not possible 
to reject or discard these events by means of setting a higher energy threshold. This 
fact, in conjunction with the contribution of these events in worsening the spatial 
resolution of the PET systems utilizing crystals of small dimensions, demands special 
consideration to be given to the problem of inter-crystal scattering when further 
reducing the size of the crystals. Therefore, it is recommended that prior to 
incorporating detector blocks, which are cut into crystals of small dimensions, in PET 
systems, the amount and the distribution of the scattered events and their contribution 
in deteriorating the spatial resolution should be investigated by employing the 
techniques established in this work. 
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chapter 1 
1.1 Introduction: 
In x-ray computerized tomography, the function of interest is the linear 
. ff" M ~ attenuatIon coe lClent. easurements of the transmission of an x-ray beam obtained 
at a number of angles and from these an image is formed that represents the 
diStribution of attenuation coefficients in the slice. Since every tissue is characterized 
by a different attenuation coefficient the image also represents tissue distribution in 
the slice of interest. In emission tomography the function of interest is the activity of 
the radionuclide. Measurements of the number of photons being emitted, after the 
injection or the inhalation of a radioactive substance are obtained and from these an 
image is reconstructed that represents the distribution of radioactivity concentration. 
Since the radioactivity is associated with a particular molecule the image also 
represents the distribution of the concentration of this species in the slice. In nuclear 
magnetic resonance tomography the function of interest is the distribution of the 
nuclear spin density. Emission Computed Tomography ( ECT ) is divided into two 
categories according to the type of radionuclide used: Single Photon Emission 
Tomography ( SPECT ) and Positron Emission Tomography ( PET ) [ Kou 82 and 
Bud 77 J. The SPECT is widely applied in routine clinical diagnosis due to easier 
availability of radionuclides, less expensive imaging equipment and lower running 
cost, whereas PET is available for more investigative studies or more detailed 
diagnosis by virtue of higher image quality, better quantitativeness and wider variety 
of available radiopharmaceuticals and most importantly the use of radionuclides which 
are fundamental elements of biological matter and can therefore label a wide variety 
2 
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of compounds. 
PET has a unique ability to determine the size of an area of metabolic change 
in cases in which no apparent structural change is detectable by procedures such as 
x-ray computed tomography, ultrasound, or even nuclear magnetic resonance imaging, 
while there is metabolic hyper or hypoactivity in a region of organ of interest. In a 
PET scanner, spatial resolution is independent of depth in the subject ( chapter 3 ) and 
absolute corrections for the effect of tissue attenuation can be made ( chapter 2 ). 
Therefore such an instrument is ideal for the measurement of absolute levels of 
radioactive tracer concentration in tissue. This quantity can in turn, be related to 
physiologic or metabolic processes through the application of an appropriate 
mathematical model of the process. 
PET has several disadvantages, the first of which is that PET images are in 
many cases difficult to interpret. Their interpretation often requires additional 
measurements (e.g. input functions supplied by venous and arterial blood sampling) 
and the application of mathematical models for the translation of the PET image into 
useful physiologic information. The second, PET is expensive, the equipment cost is 
high, and PET centres are costly to operate [ Der 86 ]. 
1.2 Principle of PET Imaging: 
The principle of PET imaging is the coincidence detection of annihilation 
photons. Positrons emitted by radionuc1ides travel no more than a few mm from the 
site of their emission before they annihilate with electrons within the tissue. 
Annihilation results in the simultaneous emission of two photons ( sometimes wrongly 
3 
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referred to as gamma rays, but should not be called gamma rays because gamma rays 
by definition arise from the nucleus of an atom rather than outside it ) each of 511 
ke V at approximately opposite directions, and are detectable by opposed radiation 
detectors. A positron emission tomograph is composed of coincidence detectors 
arranged around the object of interest. A computer program processes the detected 
events for subsequent construction of a two-dimensional activity distribution map of 
a slice of interest within the object [ Bud 79 ]. 
The quality of images and quantitative measurements in PET are affected by 
detection of undesired events which mainly arise from two sources. First, if one or 
both photons are scattered their direction will change and the line connecting the 
location of detected events will not pass through the site of the emitter ( scattered 
events ). Second and probably more important, are random coincidence events in 
which the two detected photons did not originate at the same site. Good energy 
discrimination can to some extent eliminate the scatter coincidence events. The 
random coincidences can be controlled by using faster detectors and shorter 
coincidence resolving time [ Phe 86, Hof 82, and Ber 80 ]. 
Current commercial multi-ring positron emission tomography systems employ 
inter-plane septa to reduce the contribution of random and scattered coincidences at 
the expense of reduced efficiency. The system only allows the coincident events 
recorded within each detector ring to be used in the image reconstruction. However 
to improve efficiency most scanners also allow the detection of events between two 
adjacent detector rings so called cross planes as in figure ( 3.4 ) chapter 3 [ Spi 88 ]. 
Since a positron emitting radionuclide in an object emits the 511 ke V photons 
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isotropically, three dimensional positron emission tomography ( 3D-PET) offers better 
utilization of available photon flux. In certain types of studies where the count rate is 
very low e.g. receptor studies, it is desirable to further improve counting efficiency. 
Higher sensitivity PET systems are desirable since they can result in lower radiation 
dose to the patient and shorter imaging times. This also provides service to a bigger 
number of patients. As a result, recently there has been an increasing interest in fully 
three dimensional positron emission tomography. Different designs of 3D PET 
scanners have been proposed by various groups several of which have been 
manufactured and their performance is currently evaluated [ Shi 88, Dah 89, Rog 89, 
Kar 91, Che 91, and Mic 91 ]. 
Several problems are associated with the removal of septa in converting a 2D-
PET to a 3D-PET [ Mic 91 ]. Scatter and random coincidences increase dramatically. 
There is also a substantial increase in memory requirements. In addition, the 
acceptance of all coincidence rays requires the use of a three-dimensional 
reconstruction algorithm [ Col 80, Def 89, Tow 89, Bar 90, and CIa 89 ]. 
1.3 The Property and Advantages of PET Radionuclides: 
Positron emission tomography ( PET) is based on yielding images representing 
the spatial and temporal distribution of specific molecules labelled with positron 
emitting radionuclides. The radionuclides most suitable for PET are l1C, 13N, 150, and 
18F, where llC, 13N, and 150 occupy a unique position among other radionuclides. 
Carbon nitrogen and oxygen are fundamental elements of biological matter and also 
are building blocks of biochemistry. llC, 13N, and 150 do not differ from their natural 
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components in chemical behaviour. Therefore these radioisotopes are particularly 
useful for biological studies and PET has made a major contribution in this field. 
The usefulness of coincidence detection is limited by the availability of suitable 
positron emitting radionuclides. llC, 13N, and 150 with their half lives within the range 
of 2 to 20 minutes needs to be manufactured at the site of their application, whereas 
18F ( Tl/2 = 110 min ) can be used at sites close to a cyclotron. Small medical 
cyclotrons are now available and can provide adequate quantities of the above 
mentioned radionuclides in a hospital environment [ Hen 81]. Positron emission 
tomography does not depend only on positron emitters produced by a cyclotron. 
Several generator-produced radionuclides are available for clinical PET imaging. 
Gallium 68 ( 68Ga ) and rubidium 82 ( 82Rb ) are generator products, 68Ga from 68Ge 
(Tl/2 = 280 days) and 82Rb from 82Sr (Tl/2 = 25 days), and relax the need for a medical 
Table ( 1.1 ): Physical properties of some positron emitters used in PET [ Kyp 82 ] 
============================================================== 
68Ga 
============================================================ 
Half life (min) 20 10 2 110 68 1.3 
Maximum energy (MeV) 0.96 1.20 1.74 0.63 1.90 3.15 
Most probable energy (Me V) 0.33 0.43 0.70 0.20 0.78 1.39 
fwhm in water (mm) 1.1 1.4 1.5 1.0 1.7 1.7 
fwtm in water (mm) 2.2 2.8 3.6 1.8 4.0 5.8 
============================================================ 
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cyclotron but lose out on the fundamental aspects associated with the above mentioned 
positron emitters. Commercially available generators are 68Ge_68Ga and 82Sr_82Rb [McE 
84, Kri 77, and Nie 81]. Some physical properties of positron emitters commonly used 
in PET are listed in Table ( 1.1 ). 
The fwhm and fwtm, listed in the above table, refer to the distribution of the 
penetration distance of positrons emitted from a point source. 
The realization that short half lives meant excellent studies with small dose of 
radiation to patient was an additional motive to push PET technology forward. The 
short-lived nuclides provide more information for a given dose of radiation delivered 
to a patient than a longer-lived nuclide of the same element. Short-lived radionuclides 
also have the advantage of allowing one to make repeated studies with the same 
patient because the quick disappearance of activity does not interfere with subsequent 
measurements. 
The amount of energy that is released in the radioactive decay is a unique 
feature of the individual nuclide. This results in the variation of the maximum energy 
of the emitted positrons from nuclide to nuclide, Table ( 1.1 ) [ Cho 75, Der 79, Eva 
55, Phe 75, and Phe 86 ]. The range of the positron depends on its kinetic energy and 
may be more than 5 mm in soft tissue with a nuclide such as 82Rb. As shown in Table 
( 1.1 ) some of the positron emitting isotopes such as 18F cause less blurring due to 
their short positron range and are preferred whenever high spatial resolution is of 
prime importance. 
1.4 Properties of Common Scintillation Crystals Used in PET: 
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Scintillation detectors are divided into two classes. Organic scintillators such 
as certain plastics,and inorganic scintillators such as certain alkalihalides. Each have 
properties which make them more suitable for certain applications. Organic 
scintillators are typically fast, but yield little light and have a low effective Z, making 
them attractive for timing experiments, in which energy resolution or detection 
efficiency is not of prime concern. 
Inorganic scintillators tend to have high effective Z and good light output but 
are relatively slow, making them suitable for applications in which energy resolution 
and detection efficiency are important, such as in positron emission tomography [ Kno 
89 ]. 
The selection of a particular type of scintillator for positron tomography 
depends on the design and performance criteria for each tomograph. However some 
requirements on the detector which are common to a majority of positron tomographs 
are as follow: 
a: High detection efficiency for 511 ke V annihilation photons. 
b: High scintillation efficiency for energy resolution. 
c: Good timing characteristics to decrease the number of random coincidences. 
d: High photofraction for reduction of scattered radiation. 
At present the two major scintillators used for PET are bismuth germanate, Bi4Ge30 12 
called BGO, and barium fluoride, BaF2, superceding the use of N aI(Tl) detectors. 
BGO is the most widely used detector material in non-time-of-flight PET 
systems because of its nearly ideal characteristics [ Cas 86 and Web 73 ]. Its high 
density and high atomic number, Table ( 1.2 ), make it to have the best total 
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absorption efficiency of any of the crystals used. The linear attenuation coefficient of 
BGO at 511 keY is 0.92 cm-1 which is more than twice greater than that of BaF2 (0.44 
cm-
I
). For BGO the probability for which the first interaction of annihilation photon 
to be a photoelectric event is about 50%. This should also be compared with the 
probability for BaF2 which is almost 25% [ Lig 86 and Lec 89 ]. 
The problems associated with a BGO crystal are its relatively long scintillation 
decay constant and low light output which results in relatively poor timing resolution. 
This somewhat limits its application at very high counting rates. 
BaF2 is the crystal of choice for time-of-flight ( TOF ) PET and for the solid 
state proportional chamber ( SSPC ). Its scintillation light consists of two components. 
About 20% of its light is in the fast component with a decay constant of less thanO.6 
ns emitted in the short-wavelength region of the spectrum. This makes it one of the 
fastest inorganic scintillators known. Therefore BaF2 has replaced caesium fluoride 
(CsF) for TOF PET [ Lav 83 ]. The slow component with a decay constant of 620 ns 
is emitted at somewhat longer wavelength. One of the major drawbacks of BaF2 is that 
the fast component has its emission peak at 225 nm, thus quartz photocathodes 
should be used. This greatly increases the cost of a PET camera utilizing BaF2 
crystals. 
The most notable property of thallium activated sodium iodide, NaI(Tl), is its 
excellent light yield. The light output for other scintillators is often related to the 
light output of NaI(TI). The light outputs listed in Table ( 1.2 )are relative to that of 
N aI(Tl). This crystal is hygroscopic and will deteriorate due to water absorption if 
exposed to the atmosphere for any length of time. It must therefore be canned in an 
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aIr tight container. Encapsulating N aI(TI) crystals in bulky cans will reduce the 
geometric efficiency of the PET system if they are incorporated in any ring. The 
reduction in geometric efficiency is proportional to ( dID ) 
, where d is the 
thickness of the encapsulating material and D is the centre to centre distance between 
two adjacent crystals. 
Even though caesium fluoride ( CsF ) is extremely hygroscopic and exhibits 
low scintillation efficiency as compared to NaI(TI), its very fast decay time and good 
detection efficiency make it an ideal detector for tomographs designed for fast 
dynamic studies. Moreover it permits the incorporation of time-of-flight information 
with conventional tomography for improved signal to noise ratio in the image. It has 
a better stopping power for 511 ke V photons than BaF2, while its scintillation light is 
detectable with a glass PMT [ Mos 81, And 89, and Mul 80 ]. 
In the field of PET there has always been an interest in high density fast 
scintillators. Cerium fluoride ( CeF3 ) is such a scintillator. which falls somewhere 
between BOO and BaF2 in many aspects such as density, index of refraction and 
absorption length at 511 keY with values of 6.16 g/cm3, 1.68 and 19 mm respectively, 
Table ( 1.2 ). Like BaF2, it also has two emission components and although CeF3 is 
not as fast as the fast component of BaF2, its slow component is a factor of 20 faster 
than the slow component of BaF2 and a factor of 10 faster than BOO. The amount of 
light produced by CeF3 is estimated to be about 50% that of BOO and of the order of 
that of the fast component of BaF2• In comparing the light output of CeF3 with quartz 
and glass PMTs, the number of photons detected by the quartz PMT was only 15% 
larger. In order to gain this additional amount of light, one can use quartz PMTs 
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which will increase the cost of a PET system [ And 89, and And 90 ]. 
Table ( 1.2 ): Physical properties of some scintillators used in PET. 
I I 
BGO BaF2 NaI(TI) CsF CeF3 GSO 
I 
density [gcm-3] 7.13 4.9 3.67 4.64 6.16 6.71 
decay constant 300 s ( 0.6 230 2.8 5 ) 60 
[ ns ] I ( 620 150(ms) 4.4 30 ) 
I 
Light yield 
I 
7-10 5 100 6 4-5 20 
I 
index of ref. 2.15 1.56 1.85 1.48 1.68 1.9 
I 
hygroscopic 
I 
no slight yes very no 
I 
s = short, I = long, ref. = refraction 
1.5 Identification of the Crystal of Interaction: 
Recently much effort has been put into improving the spatial resolution in 
PET nearly to the intrinsic resolution of 2-3 mm [ Der 88 ]. Since the resolution 
depends primarily on the size of the scintillation detectors, detectors are made smaller 
and smaller to achieve the goal. In positron emission tomography one crystal to one 
photomultiplier combination has been adopted in most cases because of its simplicity. 
This limits the spatial resolution to the smallest commercially available PMT size. 
Unfortunately the size of the photomultiplier tubes ( PMTs ) has not been reduced 
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proportionately. 
A further reduction in the size of the PMT is not feasible because of several 
reasons. First, there is minimum thickness of the glass envelope that can withstand the 
vacuum in the PMT. Second the sensitive area of the PMT becomes very small which 
compromiseslight collection. This in turn will affect both timing and energy resolution. 
Finally, the cost of such a tube would probably be very expensive and also a greater 
number of them would be required in construction of the system. This leads to a 
scanner which would be very costly both in purchase and maintenance. It is therefore 
desirable to reduce the number of PMTs employed in the system or even entirely 
replace them. 
The coupling of small scintillation detectors to PMTs with enough efficiency 
has been a major obstacle to overcome. Several different approaches have been 
suggested to solve the problem. Except one in which the PMT has been replaced by 
a large area silicon avalanche photo-diode ( APD ) [ Ent 83 and Lig 86 ], almost all 
of them are based on the coupling of one or more PMTs to an array of small crystals. 
The crystal of event ( ie. the crystal absorbing an annihilation photon )among many 
crystals coupled to the same PMT is identified by various methods. These techniques 
include the use of one position sensitive PMT with control grid coupled to a unit of 
closely packed crystals [ Uch 86, and Tom 85 ],whereas in the other approaches more 
than one PMT has been employed in some of which the intrinsic optical crosstalk 
between the two segments of the dual PMT which has been found to be spatially 
dependent has been used for crystal identification [ Mur 82 and Ron 84 ]. In another 
arrangement the optical crosstalk both between dual PMT segments and between inner 
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crystal elements have been used for crystal identification in a 4 x 4 BGO crystal array 
coupled to two PMTs [ Min 87 ]. While in the above mentioned technique no light 
guide is used, the use of a light sharing scheme with a light guide, the purpose of 
which is to distribute the light among the cathodes, having no slot [ Bur 84 ] and with 
slot [ Cas 86, Eri 86, and Eri 87 ], have been investigated. Slotting the light guide 
enhances identification of the crystal by distributing the light to the phototubes in a 
controllable manner. Controlling the distribution of light allows many more crystals 
per phototube than was possible before. 
1.6 Time of Flight Positron Emission Tomography: 
The concept of time-of-flight ( TOF ) is based on measunng the time 
difference between the arrivals of the two photons on the two detectors operating in 
coincidence. Measurement of the TOF difference ( t2 - tl ) of 511 ke V annihilation 
photons gives the position of the positron source between opposed detectors. The tl 
and 12 are the times of flight of annihilation photons. Relationship between the time 
difference ( 12 - tl ), and source position from the centre of opposed detectors X, can 
be expressed by: 
X= ( 12 - tl ) c / 2 
where c is the light velocity. 
Since a TOF difference of 1 ns corresponds to a position uncertainty of 15 cm, 
scintillators with a very good timing resolution are required. CsF and in recent years 
BaF2 which has a better timing resolution than CsF, have been utilized in the 
construction of TOF PET systems [ Mul 80, Bic 90, Tza 90, Bla 82, Ter 82, Tre 91, 
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and Maz 90 ]. 
In the standard non-TOF PET systems, there is no information in the data 
about the position of the positron emitter source between the pair of detectors in 
coincidence. Hence in the reconstruction process the data is not only backprojected in 
the correct area of the image grid but everywhere else as well. TOF PET provides 
additional information about the source of annihilation and the information is 
distributed in only a small section, along the line connecting the detector pairs, 
corresponding to the location of annihilation [ Pol 90, Lew 89 and Yam 89 J. This 
results in an improvement in the signal-to-noise ratio. There is also an effective gain 
in the sensitivity G that for a uniform cylinder of diameter D is expressed by: 
G = D/ X 
where X, as can be seen from the previous expressIOn, IS proportional to timing 
resolution of TOF ( FWHMTOF ) [ Yam 82, and Don 82 ]. 
Since the stopping power of BaF2 and CsF, the current TOF detectors, is much 
lower than that of BGO, the current detector of choice for non-TOF PET, the 
improvement in effective sensitivity is in some cases only adequate to compensate for 
the lower sensitivity caused by their lower stopping power [ Mul 82 ]. Furthermore, 
the use of fast scintillators such as BaF2 in TOF PET allow the rejection of a good 
number of random coincidences which suppresses the degrading effects of such data. 
This also permits a more intense transmission source to be used than for non-TOF 
systems. This helps to increase the accuracy of transmission measurements or to obtain 
a shorter time exposure [ Tim 84a, and Tim 84b ]. 
To overcome the practical limitations of TOF-PET, the development of 
14 
chapter 1 
detectors with better timing resolution and better stopping power IS of pnme 
importance. 
1.7 Ionisation Chamber Cameras: 
Proportional counters are used for the detection of soft x-rays or gamma rays 
whose energy is low enough to interact with reasonable efficiency in the counter gas. 
At higher photon energies, the direct interaction probability of the photons in the gas 
drops rapidly with increasing energy. Because of the small conversion efficiency for 
511 keY photons in the chamber gas, each multiwire proportional counter (MWPC) 
is coupled to a group of specially configured lead converters [ Bat 84, Bat 80, and 
Lim 75 J. 
The detection process involves the photoelectric or Compton interaction of a 
511 ke V annihilation photon with one of the lead converters. As a result a fast 
electron is generated which can escape into the MWPC gas and create a trail of 
ionisation leading to an electron avalanche near the anode wire which is held at a high 
positive potential ( ie. several kV ). This produces charge signals both on the anode 
wire itself and on the two nearest cathodes. The charge signal at the anode wire is 
used to trigger the fast coincidence circuit and to provide the Z coordinate which 
represents the depth of interaction for the 511 ke V photon. The Z coordinate is 
necessary for the removal of parallax effects in such a thick detector. The signals 
induced on the lead cathode strips are read out through a delay line system which in 
tum permit the measurement of the X and Y coordinates of the event. The distance 
that electrons travel transversely along the gap parallel to the converter planes 
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detennines the spatial resolution of the detector [ Mar 89 ]. 
The main disadvantages of the PET cameras based on MWPC are their poor 
energy resolution and detection efficiency. Since the photoelectrons are generated at 
different depths of the lead converter, the energy of the knock on electron on escaping 
the lead converter is only weakly related to the energy of the incident photon. By 
reducing the energy of the photon the probability that the first interaction is 
photoelectric increases, ( chapter 2 section 2.3 ), which results in a higher number of 
photoelectrons being produced, but these photoelectrons have a lower kinetic energy. 
This reduces their chance of leaving the lead converter which leads to a poor detection 
efficiency. The detection efficiency drops slowly down to about 200 ke V below which 
it falls sharply [ Jea 80 ]. As a result the MWPC is insensitive to a good number of 
the Compton scattered photons. 
A large MWPC can be made at low cost compared with an array of 
scintillation crystals, thus allowing a larger field of view than a ring camera. The 
drawback in this case is that the use of a large camera will be at the cost of making 
the camera more sensitive to random and scatter coincidences [ Ott 88, Web 88, Bat 
84, and Def 88 ] 
1.8 BaF2/ TMAE PET Camera: 
Barium fluoride is aninorganic scintillator which has two components in its 
scintillation light as mentioned before. The slow component peaks at 310 nm and has 
a decay time constant of 620 ns, and the fast component which peaks at 220 nm has 
a decay time constant of only 0.6 ns [ Van 85 ]. Therefore it is one of the fastest 
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scintillators known. 
The combination of photosensitive wire chambers with BaF2 scintillators and 
its applications in positron emission tomography was suggested in 1983 by Anderson 
and collaborators [ And. 83 J. The principle of operation of such a device which is 
called a Solid State Proportional Counter ( SSPC ) is that the working gas contains 
a photosensitive agent, tetrakis dimethylamino ethylene ( TMAE ). TMAE is the 
vapour with the lowest known ionization energy of 5.4 e V that can be used in wire 
chambers. The wire chamber itself consists of parallel wire planes spaced a few 
millimetres apart. A set of BaF2 scintillation crystals are coupled to a TMAE-filled 
photosensitive wire chamber. Since the ionisation threshold of TMAE is about 5.6 
e V, the wire chamber is only sensitive to the fast scintillation component of BaF2• If 
the 511 ke V annihilation photon is absorbed in one of these crystals the scintillation 
light leaves the crystal and ionises the TMAE vapour. Due to the small overlap 
between scintillator emission spectrum and the TMAE absorption spectrum only a 
small number of photoelectrons is created. The photoelectrons produced in the 
chamber gas are pushed towards the anode wire by suitable voltages on different wire 
planes. The performance of SSPC has shown increase in quantum efficiency and 
improvement in timing resolution compared to MWPC discussed in the previous 
section [ And 84, Mic 86, Sch 87, Suc 91, Min 88a, Min 88b, Bat 89, and Sch 89 J. 
The main disadvantage of the solid state proportional counter is its low 
quantum efficiency which results in the production of a small number of 
photoelectrons ( about 10 primary photoelectrons ) per absorption of a 511 ke V 
photon, which fundamentally limits energy, spatial and time resolution. The large 
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statistical error in the number of primary photoelectrons cause degradation of the 
energy resolution. Due to the small num ber of photoelectrons produced per absorption 
event the detector is insensitive to low energy gamma rays . This helps to reject the 
scattered gamma rays. The spatial distribution of a small number of photoelectrons in 
the X-Y direction also contributes to the worsening of the spatial resolution of the 
camera [ Sch 89, HoI 89 and Bat 89 ]. 
1.9 Mini-PET systems: 
Pharmacists need tests on animals before the application of new drugs to 
clinical use. In addition, in order to develop new radiopharmaceuticals to be used in 
positron emission tomography, animal study is important prior to applications of the 
radiopharmaceuticals to humans. 
For testing the virtue of a medicine within the brain of animals such as cat or 
monkey which are much smaller than that of humans the spatial resolution is of prime 
importance. Dose limits governing animal studies allow much higher count densities 
per voxel of interest to be attained during animal studies than for humans. In a human 
scanner the effective spatial resolution is in practice limited by statistics rather than 
by intrinsic resolution of the system. It can be shown that the statistics needed in an 
image are proportional to ( LJR )4, where L is the linear size of the object and R the 
spatial resolution of the system [ Bar 81 J. Imaging an object with a diameter of 60 
mm and a spatial resolution of 3 mm requires approximately the same statistics as 
imaging a human brain with a resolution of 10 mm. Because of this for PET systems 
used in animal studies the intrinsic resolution of the system is the limiting factor 
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which demands PET systems with high spatial resolution. 
Recently there has been increasing interest in building a high resolution mini-
PET system for in vivo animal studies [ Noh 85, Tom 85 and Lec 85 ]. In developing 
high resolution tomographs, there are two fundamental constraints; worsening of the 
spatial resolution due to deviation of annihilation photons from 180 degrees and the 
limitation of spatial resolution owing to the range of positrons emitted from the 
nucleus. For imaging small laboratory animals such as rats a detector ring with a small 
diameter in the range of 200 to 300 mm is required. The adoption of a detector ring 
with a small diameter in a mini-PET system, which is usually by a factor of 3 to 4 
smaller than the conventional scanners, significantly decreases the loss in spatial 
resolution due to deviation from 180 degrees between the emitted annihilation photons 
( section 2.1, chapter 2 ). Other parameters affected by a decrease in diameter which 
results to an increase in the acceptance angle, are increase in sensitivity which is 
accompanied with increase in accidental and scattering coincidences. 
In order to improve the spatial resolution in recent PET designs the size of 
scintillation crystals have become smaller. Yamashita and collaborators have 
developed a high resolution block detector with 1.7 mm wide BGO array which has 
provided a coincidence resolution of around 3 mm FWHM. The block detectors have 
been applied to a high resolution PET system for in vivo animal studies [ Yam 90, 
and Wat 91 ]. 
With the small size of most laboratory animals having a diameter of 100 mm 
or less, both the attenuation and probability of scattering within the object are small, 
and so the scatter fraction will be significantly lower than with humans. The relief 
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from the burden of scatters not only suggests that volumetric imaging may be of 
particular value, but also it has encouraged Tavernier and collaborators to build a 
small PET scanner based on the use of BaF2 scintillators and photosensitive wire 
chambers [ Tav 92 ]. Since the energy resolution helps to discriminate against 
scattered events, the relatively poor energy resolution of such a system would not be 
critical. 
Apart from the use of the mini-PET system in animal studies [ Raj 91 ], it 
may also be used as a non-invasive means of measuring human arterial input function 
which is required in implementing a tracer kinetic model for human neurological 
studies [ Raj 89, and Raj 92 ]. 
The mini-PET system under investigation will use a small number of BGO 
detector blocks in its construction. This will not only considerably reduce the price 
of such a system, but also it will be small in size and light making the system 
portable. The portability of the mini-PET system will allow transportation between 
animal laboratories. The above mentioned factors should lead to its use in a greater 
number of institutions. 
1.10 Industrial Application of Mini-PET System: 
Due to the adequate penetrating power of the 511 ke V annihilation photon and 
relatively weak dependence of resolving power on detector separation, a system based 
on two blocks of detectors such as the one mentioned in chapter 3 section 1 is 
attractive for industrial applications. The advantages of such a device are its simplicity 
, low cost and portability. In contrast to clinical applications, due to the absence of 
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dose restrictions in industrial objects, not only more intense radionuclides can be used, 
but also the scanning time can be longer [ Haw 86, o'Dw 88 ]. This provides us with 
the opportunity to improve counting statistics which generally leads to images 
containing more information. This will also allow us to use even a very simple 
coincidence detector pair for some industrial studies. Our system allows the distance 
between the detector blocks to be set according to the size of the object to be imaged. 
In order to provide tomographic images a rotating platform can be used if the object 
is light and portable, or the alternative is to rotate the two blocks of detectors round 
the object if it is heavy or fixed at a certain position. Another advantage of using PET 
in industrial studies is that the structure and dimensions of the objects are known 
accurately ,thus permitting accurate attenuation correction which apart from 
eliminating the need for performing a transmission scan, would lead to a better 
interpretation of quantitative information on source distribution. 
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2.1 Positron Decay and Coincidence Detection of Annihilation Photons: 
Proton rich radionuclides have two means of decay that will reduce excess 
positive charge on the nucleus. Either the nucleus can capture an orbital electron and 
neutralize positive charge of the proton, or a positron can be emitted from the 
nucleus. The emitted positrons have some initial energy which is not fixed but rather 
a continuous spectrum of energies. This is due to the sharing of the released energy 
in the decay among the recoil of the daughter nucleus, the neutrino and the positron. 
Positrons generally migrate only a few millimetres in tissue before losing their kinetic 
energy. This distance depends on the initial kinetic energy of each positron. When the 
energy of the positrons is very low near the end of their range they combine with 
nearby electrons in the absorbing material in the process of annihilation. This stage 
can take place either directly or through an intermediate state in which the positron 
can capture an electron in the ionization trail created by the slowing down of the 
positron,and form a positronium atom. The probability of formation of positronium 
depends on the nature of the environment. In water 36% of all positrons form 
positronium atoms. The life time of the positronium is very short, of the order of a 
few nanoseconds, and the original positron-electron pair disappear and are replaced 
by two simultaneous oppositely directed 511 ke V annihilation photons. In some 
literature this radiation is wrongly referred to as annihilation gamma rays. Since the 
gamma ray by definition originates from the nucleus and the source of annihilation 
radiation is somewhere outside the nucleus, it is better not to refer to this radiation as 
gamma ray (Eva 55 ). It is the simultaneous or coincidence detection of this 
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annihilation radiation that is used to measure both the quantity and the location of the 
positron emitter. 
The physical limit of the accuracy of localization in PET depends on two 
factors. The finite range of positrons in tissue, which is the property of individual 
isotope, and the deviation from strict collinearity between the emitted annihilation 
photons. 
The range of the positron depends on the kinetic energy of the emitted positron 
and may be more than 10 mm in tissue with an isotope such as 82Rb and less than 2 
mm for the radioisotopes of main biological interest [Der 79, Hof 78, and Phe 75]. 
Positrons emitted in the direction of the line connecting the detector pair will cause 
no loss in spatial resolution, whereas those emitted orthogonal to it will cause the 
maximum loss in accurate positioning of the positron emitter. Table ( 2.1 ) represents 
the contribution of the positron range to the full width at half maximum ( FWHM ) 
and full width at tenth maximum ( FWTM ) of the line spread function ( LSF ) of a 
detecting system for selected radionuclides . 
The second intrinsic property of the positron decay that degrades the spatial 
resolution of the PET system is the fact that the electron and positron are not 
completely at rest when they annihilate [ Hof 76, and Hof 78 ]. Because of the non-
zero momentum of the positron-electron pair at the time of annihilation there will be 
a slight deviation from 180 degrees between the two annihilation photons. This causes 
the angle between the photon pair to have a Gaussian distribution with a FWHM of 
0.5 degrees which is equivalent to L1 = 8.7 mrad (tan (0.5) = 0.0087 rad) [ Eva 55 ]. 
The corresponding spatial distribution FWHM r at the centre of the detector ring of 
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diameter D is given by [ Ric 82 ]; 
r = ( L\l4 )( D ) = 0.0022 x D 
Hence, the loss in spatial resolution due to this effect is proportional to the detector 
separation. This blurring factor is not easily removed mathematically and represents 
the most fundamental limit to spatial resolution in PET. 
Table ( 2.1 ): Resolution broadening due to positron 
range for various positron emitters [ Der 79 ]. 
Isotope FWHM (mm) FWTM (mm) 
18F 0.22 1.09 
llC 0.28 1.86 
l3N 0.60 2.80 
150 1.10 5.30 
68Ga 1.35 5.92 
82mRb 2.60 13.20 
For a particular radioisotope and detector separation, the limit on accuracy of 
localizing the positron emitter is a convolution of LSF due to the positron range effect 
with the LSF caused by noncollinearity effect. The above mentioned limiting factors 
allow the best possible resolution that one can achieve in PET to be limited in the 
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range of 2 to 3 mm. 
2.2 Principle of Radiation Detection: 
Scintillation detectors rely on the fact that some substances will absorb energy 
such as that carried by a photon and will reemit it as light. This light is picked up by 
the photomultiplier tube ( PMT ) that converts the light into an electrical signal. 
As the annihilation photon passes through the scintillation crystal it may 
undergo an interaction that will transfer all or part of its energy to an electron in the 
crystal. The interaction of the annihilation photon in the scintillator can take place in 
two ways. Either by photoelectric effect whereby the entire 511 ke V is transferred to 
a recoil electron, or by Compton scattering where only part of the full energy is given 
to a recoil electron and the photon is reduced in energy and scattered into an angle 
depending on its energy. As this electron passes through the crystal it will lose its 
kinetic energy through collisions with other electrons and cause excitations and 
ionisations. As a result electron-hole pairs are created. Because the migration time for 
the electron is much shorter than the half life for such excited states, all the excited 
states are formed essentially at once and the electron subsequently deexcites from the 
conduction band with the half life characteristics of the excited states and recombines 
with a hole which is accompanied with the emission of a scintillation photon. 
Therefore it is the decay time of these states that determines the time characteristics 
of the emitted scintillation light. The luminous efficiency, which is the number of 
scintillation photons per ke V and the speed of emission vary from crystal to crystal 
[Bir 64]. 
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Light in the scintillator can be absorbed by internal impurities and 
imperfections trapped by total internal reflections, absorbed by external reflectors, or 
collected by the photodetector. In any scintillation detector the collection of the largest 
possible fraction of the light is desirable to avoid losses in time and energy resolution. 
Since the scintillation light is emitted isotropically, only a limited fraction travels 
towards the surface at which the light detecting device is mounted. In order to increase 
the light collection, other faces of the scintillator are normally covered with reflective 
materials. A major source of light loss is the mismatch in the index of refraction 
between the scintillation crystal and the glass envelope of the PMT. Therefore it is 
desirable that the scintillator to be optically coupled to the photocathode through a 
transparent medium with an index of refraction as close as possible to that of 
scintillator to reduce the geometric trapping of light in the scintillator [ Der 82 ]. 
A photomultiplier tube converts the collected scintillation light to a useful 
electrical pulse. The two major elements of a PMT are the photocathode and the 
dynode chain. The energy of the incident scintillation light is transferred to an electron 
in the photocathode and causes the escape of that electron from the surface of the 
photocathode. This electron is attracted to the first dynode. After amplification through 
the dynode chain enough electrons ( 107 - 1010 ) are produced to serve as the charge 
signal which is then collected at the anode. This charge can be transferred into a 
voltage pulse in a preamplifier. The output pulse is then proportional to the energy of 
the gamma ray deposited in the crystal. Much of the timing information of the original 
light pulse is also retained. 
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2.3 Photoelectric Absorption: 
Due to the law of conservation of momentum, a free electron cannot totally 
absorb the incident photon. The primary photon is completely absorbed if the electron 
is initially bound in an atom. Since the presence and participation of the atom is 
essential, the photoelectric interaction is considered as one between the incident 
photon of energy hv and the entire atom. In this case the momentum is conserved by 
the recoil of the atom. In the photoelectric absorption process the primary photon is 
completely destroyed. Its energy, hv, ionizes the absorbing atom and the ejected 
photoelectron appears with an energy [ Eva 55 ]: 
T = hv - Eb ( 2-1 ) 
where Eb represents the binding energy of the photoelectron. 
The photoelectric interaction is most likely to occur with an electron within the 
deepest and most tightly bound atomic level, K shell, which has the largest absorption 
cross section. In this process an ionized atom is created with a vacancy in its shell 
where the electron was ejected. This vacancy is rapidly filled through capture of a free 
electron from the medium or an electron from one of the outer shells in the atom. 
therefore in this process one or more characteristic x-rays or Auger electrons may be 
generated. In most cases the x-ray will also be absorbed by another photoelectric 
process involving less tightly bound shells. 
The predominant mode of interaction for low energy gamma-rays « 0.1 MeV) 
or x-rays in all medium and high Z absorbers is the photoelectric process. There is no 
single analytic expression for the probability of photoelectric absorption per atom over 
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all ranges of hv and Z but a rough empirical formula which approximates the cross 
section [ Kno 89 ] 
t" = constant 
zn 
hv 3.5 
( 2-2 ) 
Where Z is the atomic number of the absorber and the exponent n varies between 4 
and 5 over the energy region of interest. Hence the probability of photoelectric 
absorption is strongly dependent on the atomic number of the absorber. This is the 
prime reason that the detector material is preferred to have a high effective atomic 
number. The high Z maximizes the probability of the first interaction being 
photoelectric. For the same reason high Z materials such as lead are used for 
collimators or gamma-ray shields. 
2.4 Compton Scattering: 
The Compton scattering process takes place between the incident photon with 
energy hvo and an electron in the absorbing material. The struck electron is considered 
to be unbound and at rest. In this process the incoming photon is scattered through an 
angle e with respect to its original direction. A portion of the energy of the photon is 
imparted to the electron which recoils at an angle <I> with respect to the direction of 
the incident photon, figure ( 2.1 ). 
Considering the conservation of energy and momentum the reduced energy of 
the scattered photon hv can be related to its scattering angle e by the following 
expression: [ Eva 55 and Kno 89 ] 
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hv 
1 +a(1-cos8) ( 2-3 ) 
where a = hv / moc2 
where moc2 is the rest mass energy of the electron ( 511 ke V ). 
I ncident photon 
{energy = hv} 
Recoil 
electron 
Scattered photon 
(energy = hv') 
figure ( 2.1 ): The representation of a Compton scattering process between the 
incident photon and an electron in the absorbing material.[ Kno. 89 ] 
Obviously the kinetic energy of the recoil electron which is the difference in energy 
between the incident photon and the scattered photon ( ie. hv - hvo ) is given by: 
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T = h v 0 ex ( 1 - cos e ) 
l+ex(l-cose) ( 2-4 ) 
The relation between the photon scattering angle e and the angle of the recoil electron 
<f> is given by: 
cot <t> = ( 1 + ex ) tan ( .!! ) 
2 
( 2-5 ) 
If the 511 ke V annihilation photon ,'whose wavelength is called the Compton 
wavelength Ac ( ie. hv = moc2 which means a. = 1 ), undergoes a Compton scattering 
interaction with its medium the above expressions are simplified to: 
h~ = __ h_v __ 
2 - cos e 
T = hv 1 - cos e 
o 2 - cos e 
e 
cot <I> = 2 tan -
2 
( 2-6 ) 
( 2-7 ) 
( 2-8 ) 
If the photon makes a direct hit on the electron, the electron will travel straight in the 
forward direction, and the scattered photon will be scattered straight back with e = 
1800 • In this type of collision the electron will obtain the maximum energy and the 
scattered photon its minimum energy. From equation ( 2-7 ) it can be calculated that 
in this case for 511 ke V annihilation photon the maximum energy imparted to the 
recoil electron is 66.7% of its initial energy ( ie. 341 keY ) and the energy left to the 
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back scattered photon is 170 ke V. 
The angular distribution of a scattered gamma-ray in terms of the differential 
scattering cross section do/dQ per atom is given by Klein-Nishina [ Eva 85 ] : 
do = Zr~ ( 1 )2 (1 + cos2 8) x 
do. 1 + a (1 - cos 8 ) 2 
(1 + a2 ( 1 - cos 8 ) ) 
(1 + cos2 e )( 1 + a [ 1 - cos e ]) 
( 2-9 ) 
where ro is the classical electron radius. 
1 keV 
1 00 ke~V_-_J 
2 MeV 
10 MeV e 
180°-4------------~--------~_;~--------------------------7_~ 
figure ( 2.2): A polar plot of the number of photons ( incident from the left) 
Compton scattered into a unit solid angle at the scattering angle 8. 
The curves are shown for the indicated initial energies [Kno. 89 ] 
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Figure ( 2.2 ) is a graphical representation of the angular distribution of the Compton 
scattered gamma-rays which illustrates that 500 keY gamma-rays, which are close to 
the energy of 511 ke V annihilation photons, are mostly scattered in the forward 
direction. 
The above equation which neglects electron binding effects since it is based 
on free electron interaction indicates that the probability of Compton scattering per 
atom of the absorbing material linearly increases with Z. Since most materials except 
hydrogen have nearly the same number of electrons per unit mass ( almost 3 x Hy3 
electron/gram) and the fact that all materials absorb essentially the same amount of 
radiation per electron by this process, the absorption per unit mass by the Compton 
process is almost the same for all materials. The electronic cross section is taken as 
independent of the atomic number Z because the Compton process is one involving 
free electrons as stated above. Therefore e(J which is defined as the probability of 
removal of the photon from a collimated beam while passing through an absorber 
containing one electron per unit area is a function of only the incident energy and 
decreases monotically as hvo increases. Therefore the Compton total linear attenuation 
coefficient (J is defined as : 
o = 
( 2-10 ) 
where 
N = Avogadro's number 
Z = Atomic number 
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p = density of material 
A = Atomic weight 
Values of a for any other elementary material can be obtained using the values from 
a reference material by the following relation: 
( 2-11) 
2.5 Attenuation Correction in PET: 
When a primary gamma-ray beam passes through matter it becomes attenuated 
as photons are progressively removed from it. The attenuation for annihilation photons 
takes place by two competing process. Scattering which refers to the photons that are 
redirected by mainly Compton scattering events and photoelectric interactions. 
In order to measure absolute levels of tracer concentrations in tissue, an 
accurate correction for photon attenuation is necessary. In positron emission 
tomography it is possible to obtain a precise correction for tissue attenuation. If the 
linear attenuation coefficient is Jl, the probability that the two photons will exit the 
body of thickness X is given by; 
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where Xl and X2 are the distances from the annihilation point to the edge of the body 
in opposite directions. The above expression implies that the attenuation of the 
annihilation photons depends on the total thickness of the body which they must 
traverse and is independent of the source position between detectors. 
If the shape and location of the cross section of an object having a constant 
value of J...l are known, using the above relationship one can calculate accurate 
attenuation correction factors. The advantages of utilizing this method are that not only 
it eliminates the need to do two additional measurements but also it does not introduce 
the statistical error caused by the additional measurements. However, there are 
problems associated with the method of obtaining attenuation correction factors. There 
is no part of the body which has a constant attenuation coefficient and regions 
containing air and bone can cause significant error in quantitative measurements [ Hua 
;79 and Hua 81 J. 
The second method widely employed in PET is the measured attenuation 
correction, in which a ring or rotating source of a positron emitting radionuclide 
(generaly 68Ge with t1/2 = 271 days) is placed between the detectors and the body. 
Prior to the adminstration of the radioactivity to the patient a transmission scan is 
recorded. The ratio of the coincident events registered from the transmission source 
with no patient in the field of view ( ie. air) to that with the patient present, provides 
attenuation correction factors for the annihilation photons in the cross section. 
Transmission ratios are obtained for each coincident line pair and the reconstruction 
of the log of these ratios give an image of the attenuation coefficient of the 
corresponding cross section. By multiplying the recorded emission data by the 
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appropriate transmission ratios one can obtain the number of coincident counts that 
would have been recorded if the body was transparent to the annihilation photons 
arising from the positron source within the body. 
Although the measured attenuation correction is generally considered to be an 
accurate correction for the attenuation in PET, the underestimation of the attenuation 
correction factor, caused by the fraction of scattered photons in the transmission data 
through the patient's body may lead to serious inaccuracies. 
2.6 Tomographic Reconstruction Technique: 
In conventional 2-dimensional ( 2D ) tomography the first step in solving the 
problem of producing a 3-dimensional distribution of radioactivity from a set of one 
dimensional projections is to treat a 3-dimensional volume as if it were composed of 
parallel ( transaxial ) slices. A single slice contains a two dimensional distribution of 
radioactivity, which is detected by the response of a scintillation counter to the emitted 
gamma radiation [ section 2.2 ]. This is recorded as a linear projection profile. A large 
number of projections ( count rate profiles) are obtained at various angles around the 
body, and from these a section or slice is reconstructed. The process can then be 
repeated for other slices, and thus a three-dimensional distribution of radioactivity can 
be represented by a set of two-dimensional image slices. 
The two dimensional image is reconstructed from a large number of one 
dimensional projections measured at different angles around the object [ Her 80 ]. In 
PET the measured projections are the line integral of the activity at a given angle and 
position. The projections collected at different angles can be represented as a set of 
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equations from which the two dimensional distribution is reconstructed. A number of 
algorithms for the reconstruction process have been developed of which the Fourier 
based filtered back projection technique is the most commonly used [ Her 80 ]. 
Backprojection is a mathematical operation where one dimensional projection data is 
re-projected onto a two dimensional image matrix. These techniques usually involve 
reconstruction of a single transverse section at a time. When a three dimensional 
reconstruction is required, adjacent sections are reconstructed and the sections stacked. 
Such section-by-section reconstruction has been successful because (a) imaging 
systems can be designed so that the projection data lie in a single plane, and (b) 
reducing the three-dimensional problem to a series of two-dimensional problems 
greatly reduces the computational and mathematical complexity. For performing fully 
three-dimensional positron emission tomography ( ie. 3D-PET ), a three-dimensional 
1.2 
reconstruction technique is required. This approach was mentioned in section chapter 
1 for which a number of references are presented. 
2.7 Image Reconstruction: 
The simplest method of reconstructing an image from its projections is simple 
back projection. This technique is also known as linear superposition. This method is 
based on a simple summation where each point in the reconstructed image f( x,y ) is 
given a value equal to the sum of all the raysums that pass through it. That is in 
discrete representation [ Her 80, and Kak 88 ]. 
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N 
/(x'Y)=L P(j,8)D.8 
j=1 
where N is the total number of raysums and ~e is the angular step size. 
( 2-12 ) 
However simple backprojection does not produce a reliable reconstruction 
because each raysum is applied to all points along the ray. This means that points 
outside the original object receive some contribution from the raysum. This defect 
shows up most strikingly as discrete areas of high density producing a star like artifact 
with 2N spokes for N projections. 
One of the more sophisticated techniques which is usually employed in PET 
IS filtered back-projection ( FBP ). As the number of projections is increased the 
separate spokes becomes indistinguishable and the appearance is that of a central spot 
of high density corresponding to the original object with a surrounding background 
blur with density falling with distance, r, from the centre of the object. This is refered 
to as l/r blurring around an object which can mask structure in the object. Filtered 
back-projection attempts to improve this reconstruction by removing the cause of this 
blurring prior to reconstruction. Since the image matrix can be considered to be made 
up of a number of high density pixels each with its own blur pattern the problem of 
reconstruction is to derive appropriate correction factors to be applied during the back 
projection process. 
The simple back projection technique fails because each point in the object 
plane gives rise to a blurred image. This blurred pattern can then be described as the 
point spread function h( x , Y ). Back projection and summation by integration over 
a semicircle for a unit point impulse b( x,y ) gives; 
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1l 
hex, y ) = f 0 ex)de 
o 
= J 0 [ r cos (¢ - e ) ] de = r-1 
o 
( 2-13 ) 
all imaging systems produce blurring of point objects in the image to a greater or 
lesser extent. this blurred image can be considered as the correct image convolved 
with the point spread function. If f( x,y ) represent the function of interest for the 
pixels in the x,y plane, F( u,v ) is the Fourier transform of f( x,y ) with spatial 
frequency components u and v and H( u, v ) is the Fourier transform of the blurring 
function h( x,y ) with the symbol f\ added to denote representations of the blurred 
image then; 
/ex,y) = jex,y) Q9 hex,y) ( 2-14 ) 
Since convolutions in real space are equivalent to multiplications in Fourier 
space then; 
and by rearranging 
Feu,V) = Feu,v)Heu,v) 
F(u, v) = F(u, v) 
H(u,v) 
( 2-15 ) 
( 2-16 ) 
and since the Fourier transform of the blurring function t l is the inverse of the spatial 
frequency, that is I R 1.1 ,then 
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F(u,v) = IRI Fcu,v) ( 2-17 ) 
The images produced in the work that follows are planar images, produced by 
backprojection. 
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3.1 The MRC Mini-PET System: 
The mini-PET ( Positron Emission Tomography) system, used in this work 
comprised two blocks of BGO detectors ( 24 mm x 54 mm ) provided by CTI Inc. 
Knoxville, for the PET division of the MRC Cyclotron Unit at Hammersmith Hospital, 
London. 
Each block contains 48 ( 6 x 8 ) BGO crystals of dimensions 3.5 mm 
(transaxial) x 6.2 mm ( axial) with a 0.6 mm gap in between figure (3.1). Hence the 
centre to centre distance between two crystals is 4 mm transaxialy and 6.8 mm axially. 
The depth of the block of BGO crystal in which the crystals are cut is 30 mm. 
Each block of the BGO detector is coupled to two dual PMTs ( ie. each PMT 
contains two photocathodes ). PMTs with rectangular and dual photocathodes have 
been developed in order to reduce the dead space among PMTs in assembling them 
together as a ring camera. Horizontally two photocathodes are enclosed in the same 
envelope of a dual PMT, while vertically they are in separate PMTs. Each 
photocathode, ie. each section of the dual PMT, is coupled to twelve BGO crystals via 
slotted light guides. The light guide is formed by cutting grooves of different depth, 
(the depths of the grooves were considered confidential and were not revealed to us) 
as a continuation of the gaps separating the crystals, into the large block of BGO 
crystal. Except coupled faces, all the faces of crystals are covered with a light reflector 
or the cuts create rough surfaces in order to reflect the light back to the crystals. 
Hence, the BGO forms its own light guide. This greatly improves the light collection. 
In the axial direction seven grooves are cut to form eight axial detector planes 
whereas in the transaxial direction five grooves yield six adjacent detectors. all The 
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c 
"D 0 u j J) (a) 
(b) 
figure ( 3.1): (a) Detector block and the two dual PMTS coupled to the array of 
detector crystals, reproduced by kind permission of CTr PET systems. and (b) a PMT 
with dual photocathodes. 
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cuts are symmetrical about the central cuts and their depth increases towards the edge 
of the crystal block. Through cuts isolate the four comer crystals to only one 
photocathode except for crosstalk through the glass envelope of the PMTs. Similarly 
light produced in all crystals along the outer edge, except the comer ones, is shared 
between only two photocathodes. Light from any of the 24 central crystals will be 
shared among all four photocathodes of the two dual PMTs. 
The variation in depth of the gaps among the crystals allows the scintillation 
light from each crystal to be distributed among the PMTs in such a ratio that makes 
the identification of the crystal, in which the biggest portion of the energy of the 
incident photon has been absorbed, possible. In order to determine in which of the 48 
crystals the event occurred a decision algorithm is necessary [ Cas 86, Wei 86, Eri 87, 
and Boh 86 ]. The method of detector identification is based on the implementation 
of the following equations: 
where 
and 
Xpos= 
( SA + SB ) - ( Sc + SD ) 
ST 
( SA + Sc ) - ( SB + SD ) 
ST 
SA = signal from PMT A 
SB = signal from PMT B 
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Sc = signal from PMT C 
Sc = signal from PMT D 
The ~os and Ypos position signals will range from -1 to + 1. Depending on the values 
of ~os and Y pos a row and a column are selected and the crystal which falls on the 
intersection of the chosen row and column is identified as the crystal of event. 
Each block of BOO coupled to two dual PMTs is packed in an open faced 
aluminium box. The faces of detector blocks are covered with black wax to protect 
the crystals from the ambient light. The two aluminium boxes are fixed onto a perspex 
track in which they can be moved apart facing each other, ie. at 180 degrees. Block 
controller and coincidence boards are housed in an electronic cabinet, where 
coincidences are computed from which a two dimensional ( 2-D) image can be 
reconstructed. The data are transferred to a Personal Computer ( PC ) which is the 
user interface and data display device, figure ( 3.2 ). 
A new system of digital "front-end" electronics, figure ( 3.3 ), has been 
designed and implemented by the manufacturer ( CTI Inc. Knoxville, TN ) to 
improve the performance of these detectors [ Moy 90 J. The position and energy 
discrimination in processing the events have been significantly improved by the 
digitization of detector signals by a set of fast analog to digital converters ( ADCs ). 
Energy validity and event location are decided by a comparison of the digitized 
phototube outputs with a map or look-up table ( LUT ) of the characteristic responses 
of each detector block. Calibrating the detector block with a uniform plane source 
generates and stores the position and energy maps. 
Since in order to increase the system sensitivity no septa have been employed 
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figure ( 3.2 ): (a) The mini PET system comprised two blocks of detectors , with 
associated electronics . (b) The block of 48 ( 6 x 8 ) BGO crystals. A,8 ,C and D are 
the fO lIr PMTs coupled to the alTay of BGO detector crystal s [ Dig 90 ]. 
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figure ( 3.3): Schematic representation of the front-end processing electronics for 
a 6 x 8 block detector [ Cut. 91 ]. 
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between detector planes, apart from one nearest neighbour ( I-NN ) mode which 
allows the coincidences to be taken between opposite crystals and their immediate 
neighbouring crystals, other options of data collection have been provided. These 
options are 3-NN, 8-NN and all coincidences, figure ( 3.4 ). The relative increase in 
efficiency of the system for the three different scanning modes was measured. The 
measurement was performed in air using a line source at the centre of the field of 
view which yielded the following results: 
( 8-NN / I-NN ) = 6.80 + 0.10 
( 3-NN / l-NN ) = 4.26 + 0.07 
( 8-NN / 3-NN ) = 1.60 + 0.01 
For this system which is based on two blocks of detectors, the 8-NN mode will 
set all the detector crystals in coincidence. Therefore there is no need for the all 
coincidence option which is suitable for a tomography system utilizing multi-detector 
ring. Operating in any of the three options of 1, 3 and 8 nearest neighbours a 2-D 
image ( plane image ), at the centre of the field of view parallel to the faces of the 
detector blocks, containing a matrix of 11 x 15 pixels is produced which is normalized 
according to the chosen mode. The image matrix contains 8 direct and 7 inter-plane 
slices in axial direction and 6 direct and 5 inter-column slices are also produced in 
transaxial direction. 
During data acquisition the singles count rate ( the count rate of individual 
detector blocks) before and after dead time correction along with the dead time of the 
system is displayed on the PC monitor. With regard to the method of identification 
of the crystal of interaction, one considers that because only one event is detected at 
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(c) 
figure (3.4): Three different coincidence options of (a) I-NN (Nearest Neighbours), 
(b) 3-NN, and (c) 8-NN, between opposite crystals, ( shown axially (top) and 
transaxially (bottom) ), available for the mini-PET system. 
49 
Chapter 3 
a time, a multiple event in a block which leads to a triple coincidence cannot occur 
between two detector blocks. Therefore, there is no triple coincidence to contribute to 
the dead time of the system. Hence, in this case, the dead time will only be a function 
of the count rate. 
3.2 Preparation of Point Source and Capillary Line Source: 
As the detector crystals are made smaller and smaller, it is desirable to have 
a thinner line source for measuring the line spread function (LSF) of the detector. In 
most research institutes sealed sources utilizing radionuclides having long half lives, 
like 22Na and 68Ge in the case of positron emitters, are used. The disadvantage of using 
a commercial sealed source, is that one has to accept its geometric or physical 
property (ie. length, size, the type of radionuclide and the amount of radioactivity) and 
to prepare the experimental set-up accordingly, avoiding for example pulse pile-up and 
dead time corrections. This limits the choice of the experimenter which in some cases 
could lead to introduction of preventable errors to the experimental results. To avoid 
such problems, one could make a line or a point source which suits a particular 
experimental condition. 
In order to make a tiny point source or a very fine line source, a capillary tube 
with diameter of 1 mm or less was needed. Since by knowing the diameter of the 
tube, the volume of the capillary tube for any height can easily be calculated, the 
radioactive liquid with any particular specific activity ( Bq/cm3 ) can be made to 
provide the capillary line source with the desired strength of activity. Having the 
proper amount of activity ready, it can be injected slowly into the capillary tube using 
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a syringe with a thin needle. It is better to keep the capillary tube in a horizontal 
position during the injection. By making sure that enough empty space is left at both 
ends of the capillary tube for the sealing material ( plasticine is recommended ), which 
will be used to seal the open ends of the capillary tube. The point source is made in 
the same manner by injecting a tiny drop of activity in the capillary tube. In this case 
extra care should be taken not to contaminate the rest of tube by the tip of the needle. 
In this way it is possible to make point sources with dimensions of 1 mm or less. 
The capillary tube could be made of glass or other materials like plastic or 
metal. One can take advantage of the transparency of the glass capillary tubes and mix 
the liquid activity with dye in order to see the height of the activity in the tube or the 
position of the point source which may be invisible otherwise. The only problem 
associated with the glass capillary tube is that it is fragile and needs extra care to 
prevent any damage to the tube that may break the glass and lead to radioactive 
spillage. Por this reason I strongly recommend that the use of the glass capillary tubes 
be restricted to radionuclides with short half lives. This will ensure the rapid decay 
of the radioactivity in the case of any accidental radioactive contamination. Another 
advantage of using short-lived radionuclides is that one can store the line or point 
sources or any unused activity in a proper but temporary shielding and dispose them 
when the activity has completely died out. 
In my experimental work liquid 18p was used in making capillary line and point 
sources. Potassium permanganate was also used as a dying agent. This method of 
preparation proved effective and relatively simple to perform, after many practice runs 
using non-radioactive liquids containing the dye solution. 
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3.3 Spatial Resolution: 
The movement of a positron away from the site of radioactive decay and its 
annihilation elsewhere implies that the precise spatial infonnation carried by the 
positron is not retrievable in the kind of measurement made in positron emission 
tomography. This is an inherent disadvantage of PET. In addition, the two annihilation 
photons are not emitted exactly along a straight line owing to the momentum of the 
bound electron in the material. The departure from 1800 back-to-back motion of the 
two gamma-rays is known as the photon angular correlation, and is typically a few 
milliradians. The same process leads to a shift in the energy of each photon of up to 
a few ke V (Ber 80). This process introduces a further spatial uncertainty which, 
together with the spatial uncertainty due to positron motion, sets an ultimate limit on 
the achievable spatial resolution. In practice, PET scanners have not yet reached this 
limit which is nuclide dependant and is about 2 to 3 mm [ Der 86 ]. 
Each of the independent factors that detennine the final image resolution of a 
PET scanner do so by convolution of their LSF with the ideal data distribution curve. 
In the frequency domain, this is equivalent to multiplying their Modulation Transfer 
Functions (MTFs). Hence: 
MTFtot=MTFilkal x MTFrange x MTFcoli x MTF (jet x MTFrec (3-4) 
where MTF is the Fourier transform of the global LSF for the system, MTFideal is 1 
tot 
for a point source or a line source parallel to the detector face at the center of the 
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FOV, and MTFrange' MTFcoll ' MTFdet and MTFrec are the Fourier transfonns of the LSFs 
due to positron range, gamma-ray non-collinearity, detector characteristics and 
reconstruction process, respectively. The Modulation Transfer Function ( MTF ) is a 
description of the LSF in the frequency or Fourier domain. For example, if the LSF 
can be described by a Gaussian function: 
LSF( x) -..!(~l = e 2 0 
Then the corresponding nomalized MTF is: 
where 
MTF(f) - ..! ( 21to/ l = e 2 
CJ = FWHM I 2.35 
( 3-5 ) 
( 3-6) 
Poor resolution can affect the quantitative measurements by: ( a ) causing 
difficulty in the interpretation of the anatomy for identification of the structure of 
interest; ( b ) failing to resolve two closely lying structures and incorrectly placing 
activity from one structure in the region of the other; ( c ) reducing the apparent 
isotope concentration in structures that are smaller than about twice the system 
resolution ( partial volume effect, section 3.6 ); ( d ): causing overestimation in the 
size of the structures smaller than twice the resolution of the PET system and ( e ) 
low sensitivity in the detection of small low contrast lesions [ Phe 86 ]. 
3.4 Variation in Spatial Resolution of Detector Crystals: 
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The variation in transaxial resolution of individual detector crystals across the 
face of a detector block was measured with a 18F line source of 1 mm outer diameter. 
The line source was swept across the centre of the field of view in air in 0.5 mm steps 
between a pair of detectors separated 120 mm apart from each other. The scan was 
performed up to 2 mm either side of detector blocks (ie. the scan length was 28 mm). 
The data were collected in 1-NN scanning mode with the energy window between 350 
- 850 ke V, recommended by the manufacturer, and the scan time at each position was 
240 s. The image matrices were later corrected for both source decay and non-
uniformity of the efficiency across the detector blocks. Then the data in row 7 of 
every image matrix were used in plotting figure ( 3.5 ) which shows a: the Line 
Spread Functions (LSFs ) for the direct planes ( opposite crystals ), solid lines, and 
the LSFs for the cross planes, dotted lines. In both cases it is evident that the 
transaxial resolution is improving from centre to the edge of the detector blocks. In 
the following tables, Table ( 3.1 ) and Table ( 3.2 ), the peak height ( Pheight ), the area 
under each LSF ( Pintegral ), the ratio of the peak height to the peak area ( Ph / Pi ), 
FWHM, FWTM, the ratio of FWTM/FWHM ( T/H ), and the relative efficiency ( The 
integral of the LSF of each crystal divided by the integral of the LSF of the central 
pixel with the highest number of counts, pixel number 6. ) of pixels before correction 
for non-uniformity in efficiency, are tabulated for the pixels on direct and cross 
planes, respectively. From the data in Table ( 3.1 ) one can calculate that the average 
of the FWHM of the LSFs of the two central crystals with respect to that of the two 
edge crystals have deteriorated by 34%. The deterioration in FWTM of the LSFs of 
the crystals also follows the same pattern but with a much greater rate (62% which 
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figure ( 3.5): The LSFs of individual crystals or pixels on direct planes (solid lines), 
the LSFs of pixels on cross planes (dotted lines), and point by point addition of 
response (dashed lines) before uniformity correction. The dashed area under the LSFs 
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Table ( 3.1 ): Characteristics of the LSF of individual crystals ( direct plane pixels) 
on the seventh row of the image matrix from the top across the block. 
crystal 1 2 3 4 5 6 
pixel 1 3 5 7 9 11 
Pheight 2168 1588 1528 1856 2122 2323 
(counts) + 47 + 40 + 39 + 43 + 46 + 48 
-
Pintegral 11574 10617 12290 15220 14554 13799 
(counts) + 108 + 103 + 111 + 123 + 121 + 117 
Ph / Pi 18.7% 14.9% 12.4% 12.2% 14.6% 16.8% 
FWHM 2.2 2.8 3.2 3.1 2.8 2.5 
(mm) + 0.1 + 0.1 + 0.1 + 0.1 + 0.1 + 0.1 
- -
FWTM 4.7 6.5 8.4 8.3 6.4 5.6 
(mm) + 0.1 + 0.1 + 0.1 + 0.1 + 0.1 + 0.1 
- - - -
- -
T/H 2.1 2.3 2.6 2.7 2.3 2.2 
reI. eff. 29.2 56.8 72.5 96.7 73.4 29.9 
(% ) + 0.4 + 0.7 + 0.8 + 1.0 + 0.8 + 0.9 
- -
-
T/H = FWTM / FWHM 
reI. eff. = relative efficiency with reference to the central pixel. 
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Table ( 3.2 ): Characteristics of the LSF of cross plane pixels on the seventh row of 
the image matrix from the top across the block. 
pixel 2 4 6 8 10 
Pheight 1835 1520 1803 2104 2204 
(counts) + 43 + 39 + 42 + 46 + 47 
Pintegral 11328 11415 14470 16935 14917 
(counts) + 106 + 107 + 120 + 130 + 122 
Ph / Pi 16.2% 13.3% 12.4% 12.4% 14.8% 
FWHM 2.5 3.2 3.0 2.9 2.7 
(mm) + 0.1 + 0.1 + 0.1 + 0.1 + 0.1 
-
FWTM 6.1 7.3 8.2 7.1 6.7 
(mm) + 0.1 + 0.1 + 0.1 + 0.1 + 0.1 
-
T/H 2.4 2.3 2.7 2.4 2.5 
reI. eff. 42.9 64.5 100 95.7 56.4 
( % ) + 0.6 + 0.7 + 1.0 + 0.7 
- -
-
-
T/H = FWTM / FWHM 
reI. eff. = relative efficiency with reference to the central pixel. 
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is almost twice that of the change for the FWHM). 
The difference in rate of change, from edge to the centre, between the FWHM 
and FWTM of the LSFs of the crystals is reflected in the ratio of the FWTM / FWHM 
( T/H ) which is increasing from the edge towards the centre. The LSFs of the edge 
crystals exhibit a greater tendency towards a Gaussian distribution than the central 
ones. Such variations in the resolution of the LSF of the individual crystals are due 
to mispositioning of the events. The mispositioning of events are due to both inter-
crystal scattering and spread of scintillation light from the crystal of interaction to the 
neighbouring crystals. Since the central crystals are surrounded by more scattering 
medium ( surrounding crystals ), the inter-crystal scattering is maximum at the central 
crystals and declines towards the edge of the detector block. 
The effect of inter-detector scattering on the resolution is apparent by its 
contribution to the rapid increase of the FWTM of the LSFs towards the centre. Since 
the depth of inter-crystal slits is increasing from the centre to the edge of the block 
(section 3.1), the spread of scintillation light is maximum at the centre and is 
decreasing towards the outer crystals. In contrast to the central crystals which are 
viewed by four PMTs, the through slits restrict the scintillation light from the outer 
crystals to only two PMTs allowing better positioning accuracy for the events detected 
by these crystals. Therefore, the loss of events due to the spread of scintillation light 
is greater for central crystals, which contributes to their poorer spatial resolution. 
By comparing the LSFs, before and after non-uniformity correction 
(normalization) for variation in efficiency of detector crystals, it is evident that in 
contrast to figure ( 3.5 ), in figure ( 3.6) the height of the LSFs (PheighJ of the crystals 
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is decreasing from the edge towards the centre. This might be as a result of usinrr a 
b 
plane source for the normalization of the data collected from a line source. When a 
plane source is used the amount of inter-crystal scattering events detected by the 
central crystals are more than the case when a line source is used. Hence, the 
contribution of the inter-detector scattering to the central pixels of the normalization 
data matrix leads to an underestimation of the correction factors for the central pixels. 
It is important to note that this does not necessarily mean that the total number of 
events detected by each crystal ( i.e. the area under each LSF ) follows the same 
pattern. The normalization matrix is employed to correct for the non-uniformity in the 
total number of events detected by the detector crystals which in this case is the 
integral of the LSFs (Pintegral)' 
The variation in efficiency of detector crystals over the face of one detector 
block has been discussed in section 3.9. The normalization technique has improved 
the average efficiency of both edge pixels of the image matrix from almost 35% of 
the average of efficiency of five central pixels of the image matrix to almost 90%. 
Note that in both figures ( 3.5 ) and ( 3.6 ), long dashed lines represent point 
by point addition of the LSFs. In both cases instead of having a symmetrical response 
across the detector block, one side of the detector block has shown a better response 
in terms of detection efficiency. Also the relative efficiency of the pixels tabulated in 
the above tables confirms such differences. This is due to better performance of the 
PMTs coupled to the crystals on one side with respect to the other side. The difference 
in the performance of the PMTs demonstrated in section 4.6 supports the above 
statement. 
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The distance between the peaks of the LSFs of both edge crystals, figure (3.5). 
is 21.5 mm which is in agreement with the centre to centre distance of both edge 
crystals. Also the distance between the outer slopes of the LSFs of edge crystals at 
half the peak heights is 23.6 mm which is only 2% less than the measured value of 
24 mm. Therefore, one can conclude that scanning a line source is an ideal method 
for measuring the dimensions of a detector which is covered by other materials. This 
experiment also reveals some information about the width of individual detector 
crystals. The distance between the peak of the LSF of the edge crystals to the peak 
of the LSF of their adjacent crystal is 4 mm. Whereas, the distance between the peaks 
of the LSFs of the inner crystals is 4.5 mm, figure ( 3.5 ). This means that contrary 
to what was accepted, detector crystals might not all have the same dimensions. In 
other words, the width of the edge crystals might be smaller than that of the inner 
crystals. Hence, the transaxial resolution of the edge crystals, tabulated in Table (3.1), 
could not only be due to the factors discussed above, but also the smaller width of 
these crystals could have contributed to lowering their values. 
3.5 Contribution of Inter-Detector Scattering in Broadening The LSFs of 
Detector Crystals: 
Figures ( 3.5 ) and ( 3.6 ) show that the shape of the LSFs is symmetrical for 
the central crystals and the symmetrical shape is degrading as it approaches the edge 
of the detector block. The LSFs of both edge crystals represent sharp slopes on their 
outer sides. The sharp decline in the outer wings of the LSFs of the edge crystals is 
due to the absence of inter-detector scattering. By subtracting the so called scatter free 
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half ( outer half) of the LSFs of the edge crystals from the inner half and thus 
removing the scattered events, the shape of the LSFs of both edge crystals is made 
symmetrical, figures ( 3.5 and 3.6 ). The amount of scattered events removed from 
crystal 1 and crystal 6 (dashed area under the LSFs of these two crystals presented in 
both figures ( 3.5 and 3.6 ) ) were 20.6% + 0.6% and 27.3% + 0.7% of the total 
number of events under the LSFs of these two crystals, respectively. In this case the 
FWHM and the FWTM of crystal 1, as stated in the previous section, are reduced to 
2.0 + 0.1 mm and 3.6 + 0.1 mm, respectively. The respective values for crystal 6 are 
2.2 + 0.1 mm and 3.9 + 0.1 mm and the ratio of FWTM/FWHM (T/H) for the edge 
crystals are 1.8 and 1.7. This means that by removing the scattered events the shape 
of the scatter free LSFs of the edge crystals are made to approach an almost Gaussian 
distribution. 
As mentioned above the LSFs of detector crystals consist of true events, 
together with inter-detector scattering events. The average value of the inter-detector 
scattering events for both edge crystals was found to be 24%. The expected value of 
the inter-detector scattering for any of the two central crystals ( crystals 3 and 4 ) can 
be obtained by taking into account the number of its surrounding crystals with respect 
to the number of crystals in the neighbourhood of each of the edge crystals. Each 
central crystal is surrounded by 47 crystals, whereas, the number of neighbouring 
crystals which contribute scattered events into the edge crystal on the same row is 31. 
Consequently, the expected amount of inter-detector scattering fraction for the edge 
crystals ( 1 and 6 ), if they had been surrounded by 47 crystals, by employing their 
current values were found to be [ (47/31) x 20.6% = 31.2% + 0.9% and (47/31) x 
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27.3% = 41.4% + 1.1 % ] 31.2% + 0.9% and 41.4% + 1.190, respectively. This means 
that the average of inter-detector scattering fraction for both edge crystals would have 
been 36.3% + 0.7%, had the edge crystals been surrounded by the same number of 
crystals as the central crystal. This amount of inter-detector scattering would have led 
to an average deterioration of 0.5 mm in the FWHM of the LSFs of both edge 
crystals. Therefore, the value of inter-detector scattering fraction for the central 
crystals could be expected, within the range of the statistical errors, to have the same 
value as that of the average of both edge crystals, i.e. 36.3% + 0.7%. Here, one can 
assume that 0.5 mm would be a very good approximation regarding the contribution 
of the inter-detector scattered events in worsening the FWHMs of the LSFs of the 
central crystals. Therefore, one can conclude that the share of inter-detector scattering 
in degrading the transaxial resolution of the LSFs of individual crystals in row 7 of 
our system, tabulated in Table ( 3.1 ), varies between 0.2 mm and 0.5 mm increasing 
from the edge crystals towards the central crystals. 
As an illustration of the relative importance of the contribution of inter-detector 
scattering to the overall spatial resolution of the system, utilizing the equations in 
section 3.3, the FWHM of the transaxial distribution ( LSF ) of the scattered events 
for the central crystals was calculated to be 1.4 mm. The calculation of the FWHM 
of the LSFint-sct ( LSF of inter-detector scattering events) was performed by assuming 
the Gaussian scattered free LSFs of the edge crystals ( short dashed lines, figures ( 3.5 
and 3 6 ) ) as the LSF and the LSFs including the scattered events (solid lines) 
• ld~1 
from both sides as the LSFtot' Here the values of the MTFs of other contributing 
factors were taken to be equal to 1 and f=2 mm- l from 0.5 mm sampling. The value 
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of 1.4 mm, in comparison to the other factors contributing to the broadening of the 
spatial resolution of PET images such as non-collinearity of annihilation photons and 
the positron range, discussed in section 2.1, which are regarded as intrinsic limiting 
factors on the resolution of PET images, should be considered as deserving more 
attention in PET systems employing detector crystals of small dimensions. The effect, 
on the FWHM of the LSF of the detecting system, of such a contribution is almost 
equivalent to using a 68Ge source in terms of its positron range, instead of the 18F used 
here, as seen in Table ( 2.1 ). 
3.6 The Effect of Source Position and Scanning Mode on Spatial Resolution in 
the Mini-PET System: 
In order to find the variation in the line spread function ( LSF ) and the spatial 
resolution of the system with distance of the line source from the centre, axial and 
transaxial resolution of the system were found with the line source at various positions 
along the line passing through the centre and perpendicular to the detector block. First 
a 68Ge line source was set in the centre of the field of view with the detector 
separation 200 mm and coincidence data were collected with the energy window set 
between 350 ke V and 850 ke V. Then a similar series of scans were performed with 
the line source at 20, 40, 60, and 80 mm from the centre of the field of view 
respectively. In order to investigate the effect that the number of crystals in 
coincidence have on the spatial resolution, at every position the experiment was 
carried out for three scanning options of I-NN ( Nearest Neighbours ), 3-NN, and 8-
NN. 
64 
Chapter 3 
The line spread functions ( LSFs ) for three different options with the line 
source at various positions are illustrated in figure ( 3.7 ) ( a) 1-NN, ( b ) 3-NN, and 
( c ) 8-NN, using the data from the central row of the image matrix. The collected 
data in all the image matrices were normalized not only for the nonuniformity in 
efficiency but also for peak height of the profiles as well. Because of the small 
number of pixels in the image matrix the profiles through the image of the line source 
for all the options at the centre of the field of view, instead of being Gaussian, are 
triangular in shape, as was also reported by Phelps et al ( Phe 86 ). The FWHM of 
the LSF at this position for every scanning mode is considered to be the spatial 
resolution of the system in that mode. Since the ratio of FWTM/FWHM ( T/H ) for 
all the LSFs is 2.5 and is greater than T/H = 1.8 for a Gaussian distribution, it is 
Table ( 3.3 ): The transaxial resolution of the mini-PET system at the centre of 
the field of view for three scanning modes of 1-NN, 3-NN, and 8-NN. 
scanning mooe FWHM* (mm) FWHM(mm) FWTM (mm) T/H 
1-NN 3.8 + 0.1 3.7 + 0.1 9.2 + 0.1 2.49 + 0.07 
-
3-NN 3.8 + 0.1 3.7 + 0.1 9.3 + 0.1 2.51 + 0.07 
-
8-NN 3.5 + 0.1 3.4 + 0.1 8.6 + 0.1 2.53 + 0.08 
FWHM* is the FWHM of the Gaussian fit 
T/H = FWTM / FWHM 
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important to note the FWTMs of the LSFs as well. The transaxial resolution (FWHM) 
of the system for the three options of I-NN, 3-NN, and 8-NN for both triangular 
profiles and the Gaussian fit to the same data are presented in Table ( 3.3 ). The 
FWTM of the triangular profiles was also measured and tabulated in the same table. 
Table ( 3.3 ) shows that the best performance of the system from the resolution 
point of view, for a source at the centre of the field of view ( FOV ), is when the 
system is operating at 8-NN scanning mode. This is due to the higher density of the 
lines of response at the centre in this mode. The experiment showed that variation in 
transaxial resolution among 15 image planes does not exceed more than 5% of the 
average resolution. 
In the case of the I-NN mode, figure ( 3.7-a ), the shape of LSFs remain 
triangular for the line source at different distances from the centre. Whereas, in the 
case of the 3-NN option, figure ( 3.7-b ), the profiles are triangular only at the centre 
and 20 mm from the centre. In this scanning option ( 3-NN ) when the line source is 
placed at 60 mm or 80 mm away from the centre, a dip at the midpoint of the profile, 
at the position of the line source where one would expect to see the peak of the 
profile has appeared. Here, two peaks have appeared on either side of the position of 
the line source. In these cases the shape of the profile wrongly implies that two line 
sources, with a distance less than the resolving distance of the system, may have been 
scanned. In 8-NN scanning mode the profile of the line source at 40 mm from the 
centre is approximately trapezoidal in shape. This profile wrongly implies that an 
object with a thickness twice that of the crystal width has been imaged. As the line 
source is moved further away from the centre ( ie. 60 and 80 mm ), the length of the 
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top base of this trapezoidal profile increases, figure ( 3.7-c ). This profile will 
approach a rectangle at the face of the detector. 
In general as illustrated in figures (3.7-a, b, and c), apart from 1-NN option, 
there are dramatic changes in the shape of the profiles in the other two options. 
Whereas, the FWHM and the FWTM of the LSFs for all options of scanning mode 
increases rapidly as the line source is moved away from the centre towards one of the 
detector blocks. The variation of the transaxia1 resolution of the system, in 1-NN 
scanning mode, as a function of the source position ( distance of the source from the 
centre towards one of the detector block) is tabulated in table ( 3.4 ). 
Table ( 3.4 ): The variation of transaxial resolution with the source position in 
1-NN scanning mode. 
source position FWHM* FWHM FWTM T/H 
(mm) (mm) (mm) (mm) 
0 3.8 + 0.1 3.7 + 0.1 9.2+0.1 2.49 + 0.07 
- - -
20 4.0 + 0.1 3.9 + 0.1 9.5+0.1 2.44 + 0.07 
- -
-
40 4.3 + 0.1 4.3 + 0.1 11.0 + 0.1 2.56 + 0.06 
- -
60 4.8 + 0.1 4.9+0.1 11.5 + 0.1 2.35 + 0.05 
80 5.6 + 0.1 5.6 + 0.1 12.1 +0.1 2.16 + 0.04 
FWHM* is the FWHM of the Gaussian fit and T/H = FWTM / FWHM . 
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This table shows that as the line source is displaced by 80 mm from the centre 
the FWHM of the LSF deteriorates by more than 50% of its value at the centre 
, 
whereas the deterioration in FWTM is about 25%. The ratio of the FWTM/FWHM 
(TIH), apart from one exception at 40 mm position which its difference is still within 
the statistical error, is decreasing from 2.5 to 2.2 when the line source is moved from 
the centre of the FOY towards the face of one of the detector blocks. Since the trend 
of change is towards the value of TIH = 1.8 for a Gaussian distribution, this indicates 
that in this case the LSFs are aproaching a Gaussian distribution. For visual 
comparison the Gaussian fits on LSFs of the system obtained in 1-NN mode are 
ilustrated in figure (3.7-d). 
Figures ( 3.7 -a,b, and c ) and Tables ( 3.3 ) and ( 3.4 ) indicate that the 
response of the system varies according to the position of the line source and the 
scanning option. 
The same experiment with a detector separation of 400 mm and the position 
of the line source from the centre incremented by 40 mm for 8-NN scanning mode 
was also carried out. This experiment revealed that the variation in the shape and the 
resolution of the profiles does not only depend on the distance of the source from the 
centre of the FOY, but the ratio of the source position from the centre of the FOY to 
the detector separation distance is a major factor affecting the above mentioned 
variations. For example, the profiles through the image of a line source at 40 mm and 
80 mm distances from the centre of the FOY for detector separation of 400 mm at 8-
NN scanning mode was found to be different from the profiles of the line source at 
40 mm and 80 mm from the centre of the FOY imaged with detector separation of 
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200 mm at the same scanning mode, figure (3.8). 
The above mentioned problems arise from the fact that the system comprises 
two blocks of detectors which are fixed opposite to each other and at this fixed 
position one can only operate the system at its stationary mode. With the system at 
stationary mode one would only be able to produce planar images. The planar image 
is reconstructed by back projecting all lines of response to a plane parallel to the faces 
of the detector blocks at the centre of the FOY. In the above mentioned experiment, 
the lines of response meet exactly at the position of the line source. When the line 
source was at the centre of the FOY, since the image plane passes through the centre, 
the image is reconstructed at the position of the source. For a source away from the 
centre towards one of the detector blocks the lines of response diverge over the image 
plane and the density of the lines of response at the centre reduces. The decline in the 
density of lines of response in the centre causes the drop in the number of counts at 
the position of the source where one expects to have the maximum number of counts. 
This drop in the number of counts leads to the dip in the profiles shown in figures 
(3.7-b and c). Here the solid angle made by the lines of response will only allow a 
small number of crystals from the block closer to the source to be set in coincidence 
with the crystals in the other block. The extent of divergence of the lines of response, 
the number of crystals from one block being in coincidence with the other block, and 
the spread of data over the image plane depends on the ratio of the source position 
from the centre to the detector separation distance and the scanning mode. As shown 
in figures ( 3.7-a,b and c ) the bigger this ratio and the higher the scanning mode the 
wider and more distorted the profile of the line source. 
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In the axial direction the same experiment was only carried out for the 8-NN 
option. The profiles through the images of the line source at various positions are 
illustrated in figure ( 3.9 ). Here, the distortion in the profile has started for the 
position of the line source at 20% of the detector separation ( ie. 40 mm position). 
The extent of the distortion of the profiles of the line source at 40, 60 and 80 mm 
away from the centre is shown in figure ( 3.9 ), while the rest of the profiles (centre 
and 20 mm position) are presented by a Gaussian fit. The axial resolution of the 
system for the line source at the centre of the field of view at 8-NN scanning mode 
( ie. FWHM of the LSF ) was found to be 5.6 + 0.1 mm for the Gaussian fit and 5.4 
+ 0.1 mm for the triangular profile. 
The experiments in this section showed that the present mini-PET system, in 
its stationary fixed position for planar imaging, operating at any scanning option apart 
from l-NN mode causes distortion in the images of extended objects or the objects 
away from the centre of field of view. This problem would be significantly reduced 
if the blocks of detectors were to be rotated around the object in a tomographic mode 
so that tomographic images could be reconstructed. In this case, producing a 3-D 
image would be time consuming, a more expensive way is to make a tomographic ring 
of several such detector blocks. 
The planar image of a point source in air in the centre of the field of view as 
well as the planar image of distributed point sources in an object (scattering medium) 
are presented in figure (3.l0-a). Five point sources of approximately equal activity 
with 1 mm diameter were made according to the instructions given in section 3.2 of 
this chapter and then planted in a perspex cylinder of diameter 40 mm and height 55 
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mm. Three of the point sources were planted horizontally with 5 mm gaps in between, 
whereas, the other two were placed at 7 mm below and 5 mm above the central point 
source. The point source in air is clearly resolved in a pixel of 2.2 mm width and 3.3 
mm height with the surrounding pixels having one third of its number of counts. The 
horizontal (transaxial) and the vertical (axial) profiles through the image of distributed 
point sources in the scattering medium are illustrated in figure (3.10-b). Three hot (red 
colours) pixels, on the image of distributed point sources figure (3.10-a, (b) ) , in 
transaxial (horizontal) direction clearly show the position of the three point sources, 
whereas in the axial (vertical) direction the exact locations of the two point sources 
on either side of the central one are ambiguous and their apparent activity are under 
estimated (partial volume effect). Despite, the fact that the point sources had the same 
activity, the transaxial profile through the central section of the image, figure (lO-b, 
(a) ) indicates that the activity of the central point source is higher than that of the 
other two point sources. This is because of the difference between the centre to centre 
distance between two adjacent crystals which is 4 mm and the distance between the 
source positions in a transaxial direction which is 5 mm. Therefore the two point 
sources on either side are not exactly positioned at the centre of their corresponding 
crystals and are slightly closer to the outer edge of the crystals. This has caused some 
of the photons to escape to the outer adjacent crystals. The same argument applies to 
the image of the two vertical point sources on either side of the central one. Since the 
locations of these two point sources are close to the border between two adjacent 
crystals their activities are distributed between two adjacent pixels. 
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(a) (b) 
figure ( 3. 10-a): The planar image of (a) a point source in air in the centre of the 
FOY and (b) distributed point sources in a perspex cylinder of 40 mm diameter and 
55 mm height. 
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3.7 Variation of Spatial Resolution with Energy Threshold: 
In order to investigate the variation in spatial resolution of the mini-PET 
system with the energy threshold a 18F line source was fixed in the centre of the field 
of view ( FOV ). The detector blocks were fixed 100 mm apart from each other and 
the 1-NN scanning mode was chosen. The experiment was performed, for the line 
source in air ( no scattering medium ), for three different energy thresholds of 100 
keY, 350 keY and 511 keY, while the upper energy threshold was kept constant at 
850 ke V throughout the experiment. The trans axial line spread functions ( LSFs ) for 
the three different energy thresholds are presented in figure ( 3.11 ). In this figure, for 
visual comparison of LSFs, the data have been normalised in terms of peak height. 
The FWHM and the FWTM and the ratio of FWTM/FWHM ( T/H ) of these LSFs 
are tabulated in Table ( 3.5 ). 
Table ( 3.5 ): Variation in FWHM and FWTM of the LSF in transaxial direction in 
relation to the change in the energy threshold of the system. 
energy threshold (ke V) FWHM (mm) FWTM (mm) T/H 
100 3.5 + 0.1 8.4 + 0.1 2.40 + 0.07 
350 3.3 + 0.1 7.6+0.1 2.30 + 0.08 
511 3.1+0.1 7.0 + 0.1 2.26 + 0.08 
T/H = FWTM / FWHM 
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The improvement and deterioration in FWHM of the system for the energy 
thresholds of 511 ke V and 100 ke V with respect to the energy threshold 
conventionally selected by the group at Hammersmith Hospital as recommended by 
the manufacturers ( ie. 350 ke V ) is only 6%, while these values for the FWTMs are 
almost 7.9% and 10.5% respectively. Since the line source was in air the improvement 
in the transaxial resolution of the system, by raising the energy threshold, is only due 
to the rejection of inter-detector scattering. As expected, by raising the energy 
threshold and consequently rejection of the inter-detector scattering the ratio of 
FWTM/FWHM has reduced from 2.40 + 0.07 to 2.26 + 0.08, although the differences 
are not significant and are within the statistical errors .. The above variations could be 
much higher, if the experiment had been performed for the line source in a scattering 
medium. 
3.8 The Effect of Positron Range and Non-CoIlinearity of Annihilation Gamma-
Rays on Spatial Resolution: 
Consider the transaxial resolution of the system, operating in 1-NN scanning 
mode with the energy threshold at 350 ke V, in both Table ( 3.4 ) and Table ( 3.5 ), 
obtained for the line source in air and in the centre of the FOV. The values of the 
FWHM ( 3.3 mm ) and the FWTM ( 7.6 mm ) of the LSF obtained in section 3.7 
have considerably improved in comparison with their corresponding values ( ie. 3.7 
mm and 9.2 mm ) obtained under the experimental conditions in section 3.6. The 
deterioration of the spatial resolution, obtained in section 3.6, is primarily due to the 
higher energy of positrons emitted from 68Ge source compared with the energy of 18F 
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source which will enable them to travel a longer distance from the point of emission 
to the point of annihilation. The maximum energy and most probable energy of some 
positron emitters are listed in Table ( 1.1 ). The resolution broadening due to positron 
range for these positron emitters is also tabulated in Table ( 2.1 ). This value for 68Ge 
is 1.35 mm which is considerably greater than its corresponding value for I8F (i.e. 
0.22 mm). 
As discussed earlier ( section 2.1 ), the deterioration in the spatial resolution 
due to the deviation of 511 ke V annihilation photons from 1800 is proportional to the 
detector separation. The FWHM of the LSF due to the non-collinearity of 511 ke V 
gamma-rays for a detector separation of 200 mm, utilized in section 3.6, is equivalent 
to 0.44 mm ( 0.0022 x 200 ). Whereas, the same value for the detector separation of 
100 mm, employed in the experimental set-up of section 3.7, is reduced to 0.22 mm. 
Employing all the equations in section 3.3 (3-3 to 3-6 ) and assuming the value 
of the FWHM ( 3.3 mm ) obtained in section 3.7 as the FWHM of the LSFdet, one 
would be able to calculate the contribution of the above mentioned factors to 
broadening the spatial resolution of the system ( 3.7 mm ) acquired in section 3.6. 
Since, in this case there has been no image reconstruction MTFrec is also equal to 1. 
The FWHMs of the LSF and the LSF II as mentioned above, are equal to 1.35 mm range co 
and 0.44 mm respectively. Spatial or sampling frequency ( f ), in both experiment, 
was the same and equal to the inverse of the pixel width, i.e. 1/2.2 mm-I. 
After calculating the MTFs for all the above stated factors and then by a 
simple multiplication the MTF was obtained from which the FWHM of the LSFtot 
, tot 
was recovered to be equal to 3.6 mm. This value, within the statistical error of + 0.1 
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mm, IS in agreement with the experimental value of FWHM = 3.7 mm acquired using 
a 68Ge line source and 200 mm detector separation set-up. 
Therefore, it was shown, both theoretically and experimentally, that by 
employing a lower energy source such as 18F and at the same time reducing the 
scanner diameter from 200 mm to 100 mm, the FWHM of the LSF of the system 
could be improved by about 9%. 
3.9 Efficiency Variation Across the Face of the Detector Block: 
One of the methods for the rejection of scattered events is to set a higher 
energy threshold. Therefore, it was thought interesting to investigate the variation in 
efficiency across the face of the detector block at different energy thresholds. The 
efficiency of one of the detector blocks was measured using a uniform 68Ge plane 
source oriented parallel to the face of the detector block. The plane source had been 
designed to have the same dimensions as the face of the detector block in order to 
eliminate the possibility of over-flooding the edge crystals. 
The experiment was carried out with the energy threshold varying from 150 
ke V to 450 keVin 50 ke V increments ( apart from one exception at 420 ke V ), while 
setting the same upper energy limit, 850 keY, at every stage. The photons detected by 
the crystals on both edges of the detector block were averaged in order to be 
compared with the average of the data collected by rest of the crystals ( ie. inner 
crystals ). 
Efficiency modulation between the inner and the edge crystals in the detector 
block at various energy thresholds is plotted in figure ( 3.12 ). The modulation M(%), 
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is the measurement of the extreme range of variation of the specific parameter across 
the face of the detector block, and is defined as: 
M(%) = [( max - min) / ( max + min )] x 100 
where "max" is the maximum value of a parameter and "min" is the minimum value 
of the same parameter. As shown in figure ( 3.12 ), efficiency modulation slightly 
reduces within the statistical errors. ( from 6.6% + 0.3% to 6.0% + 0.3% ), as the 
energy threshold increases from 150 keY to 200 keY. Whereas, from 200 keY the 
efficiency modulation increases steadily from 6.0% + 0.3% to 21.2% + 0.4% at 450 
keY. This is due to the faster reduction in the number of detected events by the edge 
crystals, as the energy threshold increases, in comparison with the decline in the 
number of detected events by the inner crystals. The number of detected events by the 
edge crystals at 450 ke V threshold is almost 40% of the number of detected events 
at 150 keY, while, the same value for the inner crystals is approximately 54%. Figure 
( 3.13 ) shows the variation in the ratio of the efficiency of the edge crystals over that 
of the inner crystals with respect to increase in the energy threshold of the detector 
block. This value decreases from 87.7% + 0.4% at 150 to 63.5% + 0.5% at 450 keY 
energy threshold. 
The discussion in the above paragraph reveals that the crystal efficiency is 
position dependant and varies significantly as the energy threshold changes. These 
variations in efficiency rely on the fact that a greater number of photons which 
undergo Compton scattering in the edge crystals leave the detector block than those 
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scattered in the inner crystals. The scattered photons which escape the detector block 
carry part of the energy of the primary photon out of the detector block. Since the 
acceptance of the detected photon as a valid event depends on whether the rest of the 
energy deposited in the block is more than the energy threshold or not, as the energy 
threshold increases a greater number of photons impinging on the edge crystals fall 
below the energy threshold than those impinging on the inner crystals. Therefore, by 
setting a higher energy threshold in order to reject the scattered events and improve 
the spatial resolution, the modulation in efficiency between the edge and the central 
crystals will increase. This will lead to an increase in the value of the uniformity 
correction factors which will in turn cause the statistical errors to be multiplied by an 
even a greater factor. The method of rejecting the scattered events by setting a higher 
energy threshold only for the inner detector crystals, proposed in section 4.10 of 
chapter 4, will decrease the efficiency modulation between the inner and the edge 
crystals which apart from the rejection of the scattered events will have a positive 
effect on the image by reducing the need for uniformity correction. 
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SCATTER REJECTION IN MODULAR BGO 
DETECTORS BY IMPLEMENTING MULTIPLE 
ENERGY THRESHOLDS 
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4.1 Introduction: 
In the previous chapter ( chapter 3 ) the structure of the mini-PET system, 
composed of two arrays of 6 x 8 detector crystals each coupled to two dual PMTs, 
was discussed. The efficiency of detector crystals and their spatial resolution was 
found to be position dependent. These variations were found to be mainly due to the 
amount of Compton scattered photons escaping from the peripheral crystals out of the 
detector block and the bigger amount of inter-crystal scattered photons detected by the 
central crystals. 
The purpose of this chapter is to investigate the characteristics of the energy 
spectra of a detector block and its individual detector crystals. Due to the importance 
of the role of PMTs on overall performance of the detector block and consequently 
the system, the characteristics of the energy spectra of four PMTs under one block of 
BOO crystals was also investigated and compared with each other. The conventional 
method of setting the same energy threshold for all the crystal elements of each block 
is presented. The problems associated with implementing this method, such as 
nonuniformity in crystal efficiency and differences in the number of scattered events 
detected by various crystals are also discussed. Because of the variations in light 
collection efficiency and the position of the crystals with regard to the sensitive area 
of a PMT, the energy resolution and efficiency of the crystals are also position 
dependent. These differences in the behaviour of crystal elements give one the 
opportunity to divide the crystal detectors into two groups according to their 
characteristics. By grouping the crystals, one can explore the possibility of proposing 
the implementation of multiple energy thresholds in order to eliminate both the above 
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mentioned differences and reduce the detection of unwanted scattered events. 
4.2 Experimental Set Up and Data Collection : 
The energy window for each block can be set individually. For tomographic 
studies the energy window suggested by the manufacturer is set between 350 and 850 
ke V. This system provides the radionuc1ide distribution in fifteen (8 direct and 7 
cross) planes. 
To find the block energy spectrum and the individual crystal energy spectrum, 
part of the system software called "Crystal Energy Histogram" was used. The data 
were stored in ASCII format in a 2-D (64 x 64) array. The energy spectrum for each 
detector was sampled at 64 points along the energy axis. Energy histogram data were 
collected for a selected block ( block 0 ) from which the energy spectrum data for 
every individual detector in that block were obtained. 
A 68Ge\68Ga plane source, 8.51 x 105 Bq (23 ~Ci), of dimensions (30 mm wide 
x 60 mm high x 10 mm thick) was placed 50 mm from the detector block. The energy 
window was set between 100 ke V and 850 ke V and the singles counts were collected 
for 900 s. The dead time is always displayed on the monitor and the data are 
simultaneously corrected for the dead time. In this experiments the dead time was 
fluctuating between 0 to 5 percent. The experiments which were performed with 
different energy thresholds (1 keY, 100 keY, 350 keY, 450 keY and 550 keY) showed 
that the "crystal energy histogram" routine takes the entire energy spectrum no matter 
where the energy thresholds are set, but the position of the 511 ke V full energy 
photopeak for each detector crystal within the 64 possible energy bins of the spectrum 
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depends on the width of the energy window selected. figure (4.3-a and b) compares 
the energy spectra at two different energy thresholds of 1 ke V and 450 ke V. This 
means that a predetermined look-up table will only be suitable for its corresponding 
energy window. Hence for every selected energy window, prior to the study, the 
system must be set to acquire the proper look-up table. 
4.3 General Properties of the Detector Block and its Detector Crystals: 
The energy spectrum of the 511 ke V annihilation photons for the whole 
detector block is shown in figure ( 4.1 ). One can see no clear indication of the 511 
ke V photopeak which is normally seen in an energy spectrum obtained utilizing a 
detector with a configuration of one crystal coupled to one PMT. This spectrum is 
a combination of 48 individual crystal energy spectra. It is evident that the energy 
spectrum is very broad, despite using a monoenergetic radioactive source. The broad 
spectrum is an indication of the large variation in the amount of light transferred from 
the individual crystals to the PMTs. 
On first obtaining the spectrum it was thought that the small peak at the high 
energy end may have indicated the presence of the 800 keY gamma rays from the 
6BGefBGa source which have an abundance of 0.4 percent compared to 176% for the 
annihilation photons ( Led 67 ). Note figure ( 4.2 ) shows that the spikes have 
appeared right at the end of all crystals spectra ( channel 62 to 64 ). If theses spikes 
were equivalent to the recording of the 800 ke V gamma rays, for the edge crystals 
(with respect to the position of their recorded 511 ke V photopeak) they should have 
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figure ( 4.3 ): Comparing the total and Crystal Energy Spectra of Row 2 employing 
two different energy windows of (a) between 1 - 850 ke V and (b) between 450 - 850 
keY. The events are sampled along 64 possible channels. 
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appeared somewhere between channels 41 to 43. But as is evident that any event with 
an energy beyond the 64 possible channels will be recorded as an overflow and all the 
overflow events are histogramed in the last bin of the energy spectrum which causes 
a spike in the crystal or tube energy spectrum. The overflow events are then rejected. 
Table ( 4.1 ) represents the whole block (6 columns x 8 rows) with the 
individual crystal photopeak position on the energy axis scaled from 1 to 64 and also 
their corresponding maximum peak count. The better the optical coupling between the 
crystal and the active area of the PMT photocathode the bigger the signal amplitude 
and consequently the higher the position where the photopeak will be registered. 
Therefore, depending on the position of each individual crystal with respect to the 
position of the PMTs, its photopeak is registered in a different position along the 
energy axis. The photopeak position of individual detector crystals discloses that the 
outer crystals have very poor optical coupling with the PMTs and the coupling 
improves towards the central vertical axis of the detector block. Crystals along the 
edge of the block detector are seen to have consistently lower pulse height than central 
crystals. This spread in pulse height can be attributed to poorer light collection at the 
edge of the PMT since the block of BGO crystals is as large as the full face of the 
PMTs, the edge of the glass envelope which has no photocathode, particularly overlaps 
the edge crystals. The spread in pulse height also reveals the location of the most 
sensitive areas of the two PMTs to be beneath the crystals highlighted in Table (4.1). 
Location of the sensitive areas of the PMTs has made the photopeak position of all 
crystal elements symmetrical with regard to the central vertical and central horizontal 
lines ( dashed lines ), shown in Table ( 4.1 ). 
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Table ( 4.1 ) : The position of photopeak in terms of channel number (above) and 
peak height (below) obtained for all crystals in block O. The energy window was set 
between 100 & 850 KeV. Outlined are the most sensitive areas of the two dual 
photomultiplier tubes photocathodes. 
22 33 34 35 34 22 
2341 3199 3311 2948 3201 2343 
26 47 49 49 47 28 
2753 2692 3020 3020 2787 3138 
26 45 47 47 45 28 
2890 2933 3082 2907 2642 3210 
44 : 44 42 26 26 40 I I 
I 
I 
I 
3390 2890 2690 2984 I 3358 2701 I 
I 
I 
I 
---- -- ------ -+- --- ---- ----- ------------- -------------
-------------- -------------
44 I 44 42 26 26 42 I I 
I 
I 
I 
2825 3372 3001 2638 3446 I 3058 I 
I 
I 
I 
I 47 28 29 48 50 I 50 I 
I 
I 
I 3540 2964 2745 3119 I 2050 2317 I 
I 
I 
I 
54 I 54 52 30 30 52 I I 
I 
I 
I 2071 2932 2720 2551 2811 I 2282 I 
I 
I 
I 
22 36 38 38 36 22 
3073 2563 3025 2777 2538 3453 
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4.4 Energy Discrimination in the Block Detector Configuration: 
In the previous chapter ( section 3.1 ) it was explained how the crystal of event 
(the crystal which has detected the 511 keY photon) is identified. The method was 
based on the determination of the X -Y position, in the block, of a detected event using 
the output of all four PMTs. The energy of the event is also determined as the sum 
of the PMT outputs. The crystal information along with the energy information are 
then used to determine if the event is within the chosen energy range for the given 
crystal. 
During a set-up when a crystal energy histogram is performed the position of 
the 511 ke V photopeak along the 64 possible channels for each crystal in the detector 
block is determined, Table ( 4.1 ). The peak position is then used to determine the 
energy range for the given crystal. For example if we take the crystal on the first row 
and the third column which has its 511 ke V energy photopeak at channel 34, and 
assume that the lower and higher energy levels are set to 350 keY and 850 keY, 
respectively, the corresponding channels for the lower and upper discriminator levels 
will be as follows: 
lower level = 34 x 350 / 511 = 23 
upper level = 34 x 850/ 511 = 57 
Therefore any event within the channel range of 23 and 57 for this crystal will be 
accepted and the events with their energy outside this range will be rejected. 
4.5 General Properties of Individual Detector Crystals: 
To investigate why the total block energy spectrum IS broad and also to 
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examine the crystals' energy spectra in detail the data from detectors on a typical row 
(row 2) were chosen. The energy spectra of the whole of Row 2 and its individual six 
detectors are shown in figure ( 4.2 ). The whole row energy spectrum is broad and has 
poor energy resolution with two easily distinguished photopeaks, resulting from the 
outer and the inner detectors. The spectra from the detectors symmetrically positioned 
with respect to the PMTs almost superimpose upon each other. The photopeak of the 
peripheral detector crystals appear farther to the left of the inner detector crystals' 
photopeak. They superimpose upon the events that deposit only part of their incident 
radiation energy on the inner detector crystals. The peaks at the lower end of the 
energy spectra are due to back scattered photons from the aluminium case of the 
detector block. 
The evaluation of peak to valley ratio (PN), peak to background ratio (PIB), 
peak to total ratio (prr) , relative detector efficiency and energy resolution for each 
individual detector element in Row 2 of the block is tabulated in Table ( 4.2 ). A 
program in Fortran 77 was written to find the position of photopeak and the full 
energy photopeak area of a spectrum and calculate its physical properties and the 
related errors. The detennination of photopeak limits, in this program, was based on 
the criterion N 1 - N > 2Nl/2 where N is the number of counts in channel m. The 
m+ m m m 
values tabulated in Table ( 4.2 ) were obtained using that program. In this table, EsP 
and EeP refer to the energies of the channels at which the energy photopeaks start and 
end, respectively. 
The value of the PN ratio for the innermost detectors is almost more than 
twice that for the outennost ones. The PIB ratio is increasing from the outer detectors 
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towards the inner ones. The photopeaks of the outermost detector crystals are shown 
to have half the full energy photopeak efficiency of the innermost ones . This is 
mostly due to the higher probability of escape of the inter-detector scattered photons 
out of the detector for these crystals. The individual detector energy resolution varies 
from almost 16 to 27 percent. The average of the energy resolution of the inner 
detector crystals represent 30% improvement compared with that of the edge detector 
crystals. The data in Table ( 4.2 ) indicate that there is a significant difference in 
background counts between the peripheral detector crystals and the inner ones. This 
value is symmetrical increasing from the central crystals towards the crystals on the 
edge of the detector block, Table ( 4.2 ). The higher number of background counts for 
the outer detector crystals could be due to the back -scattered photons resulted from 
the interaction of primary 511 ke V photons with the material (aluminium) 
surrounding the detector block. The properties tabulated in Table (4.2) reveal the 
better performance of the inner detector crystals with respect to the edge crystals. This 
table also highlights the problems associated with the block detectors. The big 
difference in the value of the number of counts under the photopeak of individual 
crystals indicates the extent of the non-uniformity over the face of the block detector 
and the need for the uniformity correction of the tomographic data. These 
experimental results reveal the significance of the variations across the face of the 
detector block and the fact that the detector crystal response is position dependent. 
A wide energy window i.e. 350 to 850 ke V as recommended by the 
manufacturer is required to collect the data from all individual detectors. Due to much 
better energy resolution of the central detector crystals with respect to that of the 
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Table ( 4.2 ): Physical properties of individual detector crystals, the modified row 2 
and the whole block. 
Column 1 Column 2 Column 3 Column 4 Column 5 Column 1 Modified Modified 
Row2 Row2 Row2 Row 2 Row 2 Row 2 Row 2 Block 
EsP (keV) 393 439 417 417 434 438 
EeP (keV) 746 619 636 636 641 675 
Peak integral 24386 25723 33792 32423 26968 25261 171020 1360427 
(counts) ± 156 + 160 ± 183 ± 180 ± 164 + 159 ±413 ±1166 
Peak area 11010 13807 23342 22501 15708 12181 95100 828184 
(counts) + 194 ± 194 ± 210 ±205 ± 196 + 196 + 497 + 1375 
Background 13376 11916 10450 9922 11260 13080 75920 532243 
(counts) + 116 + 109 ± 102 ± 100 ± 106 + 114 + 276 + 730 
- -
P/V 1.99 2.41 4.10 4.52 2.88 2.13 2.62 3.85 
±0.07 ±0.09 ±0.17 ±0.19 ±0.11 +0.07 ±0.04 + 0.02 
-
PIB 0.82 1.16 2.23 2.27 1.39 0.93 1.253 1.566 
±0.02 ±0.02 +0.03 ±0.03 ±0.02 +0.02 +0.008 +0.003 
P(f 0.506 0.371 0.530 0.516 0.445 0.588 0.492 0.619 
+0.004 ±0.003 ±0.004 +0.003 + 0.003 +0.005 ±0.001 +0.001 
FWHM 26.5 15.5 16.6 16.7 15.5 19.6 17.0 16.8 
( % ) + 0.2 + 0.1 + O.l + 0.1 + 0.1 + 0.2 + 0.1 + O.l 
- - - - - - -
-
ReI. P+ B eff. 72.2 76.1 100 95.9 79.8 74.8 
( %) + 0.6 + 0.6 + 0.8 + 0.8 + 0.7 + 0.6 
- - -
- -
-
ReI. P eff. 47.2 59.2 100 96.4 67.3 52.2 
( %) + 0.9 + 1.0 ± 1.3 + 1.2 + 1.0 + 1.0 
--
ReI. P+B eff. = Relative efficiency of each crystal ( peak + background) with respect to the crystal which 
has the best efficiency. 
ReI. P eff. = Relative photopeak efficiency of each crystal with respect to the crystal which has the best 
efficiency. 
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peripheral ones, this wide energy window will also include the unwanted Compton 
scattered continuum of the inner detectors' spectra which comprises almost 30 percent 
of the collected data. Increasing the energy threshold will result in loss of the data 
from the outer crystals . Therefore, with the present system in order to increase the 
block data collection efficiency a wide energy window is suggested by the manufac 
turer to be used so as to include the whole energy photopeaks of the outer crystals 
which suffer from poor energy resolution. This in turn will increase the relative 
number of scattered photons accepted. 
4.6 Characteristics of the Energy Spectra from the Four PMTs: 
As mentioned earlier each detector block has two dual PMTs. In order to 
evaluate each individual PMT's performance, the "tube energy histogram menu" 
(software) provided by the manufacturer was used. The 68Ge plane source mentioned 
in a previous section was set at 50 mm from the detector block in order to provide a 
uniform and equal flux of activity for all detector crystals and consequently for all 
four PMTs. The data were collected for 900 s and the energy window was set from 
100 keY to 850 keY. 
The collected data are listed in Table ( 4.3 ). Apart from the data 
corresponding to the four PMTs' ( 0,1,2,3 referred to as A,B,C, and D in the rest of 
the thesis) energy spectra the software provides us with the composite data which are 
supposed to be the sum of the energy spectra of the four PMTs. But in some channels 
( for comparison one of them is marked by a star ), in Table ( 4.3 ), the composite 
data provided by the software are not compatible with the sum of the data in the four 
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Table ( 4.3 ): The data representing the energy spectra from the four PMTs (0,1 ,2,and 
3) which are refered to as A,B,C, and D elsewhere. 
~11 dex Tube 0 lulJc 1 1 u!,," 2 Tut)e 2 Tube 't. ' COrT';:lOS 1 t Sum Pr .. n To~~ 0 5 3 2 8 11 11 1 '." 1 2(. 1 2 1 7 1 S 52 71 71 12: 2 1536 131 7 318 619 913 3790 3790 4703 3 2555 2750 1220 2356 2·143 8884 8848 1 1327 4 3164 4078 :'536 4916 277 ~, 14695 1469~ 1747C 5 3647 5626 4466 8673 5726 22414 22414 28142 6 363':1 6561 l;089 11987 ~80~ 28277 2827 7 3407[ 7 3923 77 48 7566 15022 9879 
-31266 34269 4414f 8 4017 8393 bOlO 16077 10982 
-2903& 36497 4747~ 9 446(' 9362 8417 16792 16178 
- 26504 39031 5520:: 10 4655_ 9546 7998 15689 17005 
-27646 37889 54894 1 1 5061. 9856 7794 14708 26075 
-28112 37423 6349S 12 5262 9579 7234 12957 23101 
-20502 35033 5813': 13 5632 9545 7028 1 1841. 29312 
-31485 34050 63362 14 5812 9254 6719 10524 31058 32311 32311 63369 15 6080 9212 6681 9791 
-32057 31765 31765 65242 16 6258 9027 6634 9050 
-31336 30970 30970 65168 17 6221 8755 6615 8510 31485 30203 30203 61688 18 6395 3510 6818 8300 31056 30023 30023 61079 19 6515 8309 7184 8372 28336 30382 30382 5"87 1 2 20 6702 8177 7678 8566 31532 31124 31124 62656 21 6989 8211 8159 8757 
-28893 32117 32117 68758 22 7377 8335 8387 8742 
-28585 
- 32694 32841 69790 23 8055 8796 8476 8718 
-19278 
-31491 34045 80301 24 8724 9264 8180 8401. 
-20366 
-30963 34572 797t.O 25 9580 10023 7882 8179 
-12141 
-29871 35664 89057 26 10171 10457 7349 7693 -18673 
-29865 35670 82531 27 10662 10792 6988 7323 
-20168 
- 29 770 35765 81131 28 10666 10540 6503 6808 
-25190 
-31018 34517 74861 29 10675 10237 6266 6533 -30018 
-31825 33711 69227 30 10555 9763 6090 6341 27524 32750 32750 6027t. 31 10578 9579 6155 6374 27235 32682 32688 59923 32 10705 9508 6378 6544 26263 
-32398 33135 59398 33 11050 9798 6875 6956 27068 
-30856 34679 61747 34 1 1 1 17 9919 7347 7364 27861 
-29787 35748 63609 35 11462 10371 8239 8200 31049 
-27261 38273 69322 36 11548 10571 9083 9054 27561 
-25279 40256 67817 37 12190 11314 10580 10635 
-30901 
-20816 * 44719 79352 38 12678 11917 12087 12257 28545 -16596 48939 77481. 39 13769 13062 14140 14439 
-31002 
-19486 55410 89942 40 14366 13810 15690 16136 30008 
-28938 60002 90010 41 15313 14781 17413 17880 28906 23257 65387 94293 42 15628 15086 18324 18684 23395 11551 67722 91117 43 15997 15369 19053 19160 21069 4045 69579 90648 44 16108 15413 19312 19085 16988 4383 69918 86906 45 16202 15386 19264 18717 14410 13397 69569 8397<; 46 16106 15114 18707 17972 12345 25769 67899 80244 47 16037 14768 17901 17101 9889 -23133 65807 75696 48 15740 14222 16816 15978 8160 -12140 62756 70916 49 15216 13573 15535 14666 7408 -6544 58990 66395 50 14407 12797 14156 13219 6113 
-10955 54579 60692 51 13543 12069 12841 11828 5351 -15254 50281 556:J2 52 12229 10983 11291 10221 4395 
-20810 44724 491 1 ~ 53 10940 9868 9865 8772 4016 
-26089 39445 4346~ 54 9472 8570 8382 7303 3092 -31807 33727 3681:-55 8181 7423 71 1 ::- GO~3 ") , !) c 28801 28799 3:'2~'; ~ ...... ....,.J 56 6886 6223 5834 ~9::;6 2081 23881 23880 25691 57 5954 5315 4912 
" 1:) 1 1796 20333 20333 22: ~ '? 58 5070 4469 4071 3457 1372 17069 17069 1844' 59 4757 4047 3702 3125 1161 15632 15632 1679:= 60 5417 4747 3869 3492 1010 17527 17527 185:-61 5508 4929 3724 3474 2232 17537 17637 198E~ 62 10237 10389 60S:::' C6.)1 10501 -31997 3353i ~~03C 63 1098 1182 480 489 752 3249 3249 .: OCT' 
Sum PMT = Channel by channel sum of the data, representing the energy spectra, listed under each of the 
four PMTs ( 0,1,2 and 3 ) 
The data listed under 'Tube 4' was found to represent the discarded data from the edge crystals. 
Total = Sum PMT + tube 4 
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PMTs. The number of counts in each channel can reach up to a maximum number of 
32767 and then a count down is started with a negative sign down to 0 which then 
Table ( 4.4 ): Characteristics of the energy spectrum from the four PMTs, the 
composite and the whole detector block. 
PMTO PMT 1 PMT2 PMT 3 Composit W. Block 
PN 1.535 1.621 3.171 3.022 2.139 3.074 
+ 0.019 + 0.021 + 0.047 + 0.044 + 0.014 +0.107 
FWHM 34.4 34.6 30.7 30.5 31.8 28.2 
( % ) + 0.3 + 0.3 + 0.3 + 0.3 + 0.2 + 0.8 
-
Full E 342671 315746 341065 323923 1450447 27499 
Php. C. + 585 + 562 + 584 + 569 + 1204 + 168 
Back- 216468 189770 142927 135366 700640 11476 
ground + 465 + 436 + 378 + 368 + 837 + 112 
Photo- 126203 125976 198138 188557 749807 16023 
peak C. + 748 + 711 + 696 + 678 + 1467 + 273 
- - -
-
- -
PIB 0.583 0.664 1.386 1.393 1.070 1.396 
+ 0.004 + 0.004 + 0.006 + 0.006 + 0.002 + 0.03 
- -
-
ReI. Peak 16.83% 16.80% 25.42% 25.14% 
efficiency + 0.11 % + 0.10 % + 0.10 % + 0.10 % 
-
-
Full E Php. C. = The counts under the full energy photopeak. and W. Block = whole Block 
Photopeak C. = The counts under the full energy photopeak minus the background. 
ReI. Peak efficiency = Relative photopeak efficiency of each PMT with respect to the composite photopeak. 
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turns positive again. The data listed under tube' 4' in Table ( 4.3 ) will be discussed 
later. Regardless of the chosen energy window the collected energy spectra's data are 
sampled by 64 channels along the energy axis. The energy spectra of all four PMTs, 
are plotted in figure ( 4.4 ). The characteristics of the PMTs' energy spectra ie. PN, 
PIB, FWHM "" etc, are tabulated in table ( 4.4 ). Both PN and PIB of the energy 
spectra of PMTs 2 and 3 are almost twice as good as the values obtained for the 
energy spectra of PMTs 0 and 1 , The energy resolutions of the photopeaks related to 
PMTs 2 and 3 show almost 13% improvement over the energy resolutions of 
photopeaks obtained using PMTs 0 and 1. Relative photopeak efficiency, (obtained 
from the counts under individual PMT's full energy photopeak minus the background 
divided by the counts under the composite full energy photopeak minus the 
background ) , for the PMTs 0 and 1 are almost 33% worse than the relative 
photopeak efficiency of PMTs 2 and 3. Comparing the physical properties of the 
PMTs reveals the poor performance of the PMTs ( on the left hand side, facing the 
detector block) 0 and 1 relative to the other two PMTs. This may be due to fluctua 
tions in the gain or the electronics of these two PMTs during the course of 
measurement. If the PMTs are poorly aligned on the face of the detector block or not 
properly coupled to the detector crystals, it may also cause the same effect. 
Degradation of the physical characteristics (PN , PIB , P{f and the resolution) of the 
crystal in column 1, which is coupled to PMT 0, in comparison with the physical 
characteristics of the crystal in column 6, tabulated in Table ( 4.2 ), well demonstrates 
the effect of poor performance of the PMT O. Improving the performance of the PMTs 
o and 1 will enhance the physical characteristics of the whole detector block considerably. 
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The characteristics of the composite energy spectrum, Table ( 4.4 ), are almost 
equal to the average of the characteristics of the energy spectra of the four PMTs. 
4.7 Comparison Between the Composite and the Whole Block Energy Spectrum: 
The composite energy spectrum ( sum PMT ) is plotted in figure ( 4.5 ), but 
it is not compatible with the energy spectrum of the whole detector block which is the 
sum of the energy spectra from all the individual detector crystals, figure ( 4.1 ). 
If one plots the data which represent the so called 'tube 4' in Table ( 4.3 ), an 
energy spectrum will be obtained ,figure ( 4.6 ) , with its full energy photopeak 
appearing in channel number 25, the position around which almost all the outer 
crystals' full energy photopeaks appear, figure ( 4.2 ). By plotting the sum of the 
composite energy spectrum and the tube '4' energy spectrum, figure ( 4.6 ), the 
resulting ( sum) spectrum looks similar to the energy spectrum of the whole detector 
block, figure ( 4.1 ). 
The tube energy histograms are actually crystal histograms summed together, 
that means the energy spectra of the crystals over a given PMT are summed to give 
that PMT's energy spectrum. Since the crystals positioned directly over the 
photocathode of the PMT give the closest representation of the tube gain, only the 
crystals directly over the PMTs are being used in a tube histogram. 
Hence the data listed under 'tube 4' seems to represent the sum of the energy 
spectrum of the edge crystals which has been rejected. The energy photopeak of these 
crystals, as discussed in an earlier section, generally appears in the lower part of 
spectrum and if any of the PMTs has a higher gain, it will push the true energy peak 
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(the energy peak of the crystals over the sensitive area of the PMT) outside the energy 
spectrum range. In this case the peak of the edge crystals will be misclassified as the 
energy peak of that PMT. This leads to the acceptance of a higher gain for that PMT. 
This is also another reason for excluding the data detected by the edge crystals from 
the energy spectrum of the PMTS. 
4.8 Energy Spectrum of Detector Block : 
The energy spectrum of block 0 was obtained by setting a discrete energy 
window of 25 keY width starting from 100 keY to 850 keY ie. ( 100-125,125-150, 
....... , 800-825, 825-850 ). In each step the data were collected for 60 s using the 68Ge 
plane source mentioned in the previous sections. The plane source distance from the 
detector block was set at 50 mm. 'Coincidence menu' software was used for data 
collection, but the data stored in the singles files ( SNG ) were used for determining 
the number of counts in each step. The statistical data were recorded every 2 s. 
Therefore the average of 30 numbers was taken as the number of the counts in every 
25 keY window. The data were plotted to obtain the singles energy spectrum of the 
detector block shown in figure ( 4.7 ). The physical characteristics of its full energy 
photopeak is tabulated ( under W. block) in Table ( 4.4 ). The vales of the FWHM 
and FWTM of the full energy photopeak are 28.2% and 54.0% . 
4.9 Modification of Block Energy Spectrum: 
The number of scattered photons in the Compton continuum of the individual 
crystals comprises a considerable fraction of the photons collected under the whole 
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block energy spectrum. These unwanted scattered photons and the difference in light 
collection efficiency of the individual crystals are the major factors in broadening and 
distorting the block energy spectrum. 
A computer program was written in Fortran 77 to shift spectra from the various 
detectors and superimpose all photopeaks upon each other. Figure ( 4.8 ), shows the 
modified energy spectrum of row 2 of the block of detectors. The modified energy 
spectrum of the whole block is shown in figure ( 4.9 ). Utilising this technique enables 
us to exclude most of the contribution of the Compton continuum of individual 
detector crystals from the whole block energy spectrum and to make detector response 
independent of the detector crystals position. In this way it is possible to obtain the 
whole energy spectrum of all detector blocks in their ideal shape for a multiring PET 
scanner such as ECAT 935B. This is a simple but yet accurate method that can easily 
be implemented for regular quality control and calibration of the scanner. Three 
dimensional representation of the detector crystals energy spectra before and after 
modification is shown in figures (4.10) and (4.11 ), respectively. The properties of 
both modified ( row 2 and whole block) energy spectra are comparable with that of 
an individual inner crystal detector's spectrum as has been shown in Table ( 4.2 ). For 
example, the cumulative photopeaks of both spectra have energy resolution of the 
order of 17 percent. 
4.10 Scatter Rejection by Utilizing Multiple Energy Thresholds: 
The method implemented by the manufacturer to set the energy window around 
the full energy photopeaks of the detector crystals was explained in section 4.4 of this 
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chapter. This method enables the user to set the same energy window at any section 
of the energy spectrum of all detector crystals, comprising one detector block, 
regardless of the position of their full energy photopeak. This method would be ideal 
if all the detector crystals had the same energy resolution. Earlier it was discussed that 
the individual detector crystals, due to their position within the detector block and also 
their position with respect to four PMTs, do not have the same physical properties. 
Table ( 4.2 ) shows that the energy resolution of crystals greatly improves towards the 
inner detector crystals. The ideal method for rejecting the scattered gamma rays is that 
one could set an energy window for every individual crystal according to its energy 
resolution. Since the hardware of the system makes this impracticable, in order not to 
lose any useful data, the manufacturer suggests that the energy window for the whole 
system ( ie. all the crystals) to be set according to the energy resolution of the poorest 
crystals in the detector block ( ie. the edge crystals ). Therefore, the energy threshold 
is set at 350 ke V which leads to the collection of a great number of Compton 
scattered data by the inner detector crystals. The number of counts under the full 
energy photopeak for the ideal energy windows, set by the peak search program, 
around the full energy photopeak of the crystals of interest were presented in Table 
(4.2 ). These data can be compared with the case where the energy window proposed 
by the manufacturer is implemented, Table ( 4.5 ). This comparison reveals that on 
average almost 17% of the total data collected under manufacturer's proposed energy 
window are unwanted Compton scattered events. This value will increase considerably 
if the radioactive source is placed in a scattering medium. 
These unwanted scattered data can be discarded by modifying the data 
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Table (4.5): Number of detected events under the same full energy photopeaks with 
three different energy windows. The percentage of rejected Compton 
scattered events by the method of selective energy window is also 
presented. 
col. 1 col. 2 col. 3 col. 4 col. 5 col. 6 
Peak: integral 24386 25723 33792 32423 26968 25261 
Peak: search E. W. + 156 + 160 + 183 + 180 + 164 + 159 
Peak: integral 27064 34246 38031 36450 32802 33184 
Proposed E.W. + 164 + 185 + 195 + 190 + 181 + 182 
-
Peak: integral 27064 27740 34840 33468 28404 33184 
Selective E.W. + 164 + 166 + 186 + 182 + 165 + 182 
-
Original number of 2678 8523 4239 4027 5834 7923 
scattered events + 227 + 245 + 268 + 262 + 244 + 242 
- - - - -
-
remaining number of 2678 2017 1048 1045 1436 7923 
scattered events + 227 + 231 + 262 + 257 + 235 + 242 
- - -
-
-
-
Rejected scattered 0 76.3 75.3 74.1 75.4 0 
events ( % ) + 1.3 + 1.8 + 1.8 + 1.5 
-
-
E.W. = Energy Window 
Col. = column 
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collection software. One of the features of the detector blocks, discussed in this study, 
is that the energy resolution of the individual detector crystals is position dependent. 
Therefore, these crystals, according to their energy resolution, can be divided into two 
groups of outer and inner crystals. As shown in Table (4.2) the inner detector crystals 
have much better energy resolution than the outer ones. Hence, one can take advantage 
of this feature in rejecting the scattered events in the Compton continuum of the inner 
crystals. The same simulation programme mentioned in an earlier section of this 
chapter was modified to simulate raising the threshold of the energy window only for 
the inner crystals while maintaining the same wide energy window, set for the whole 
detector block, around the outer crystals. In this simulation the energy threshold of the 
inner crystals was raised by 20% of the energy threshold chosen for the whole 
detector block ( ie. 350 + ( 350 x 20/1 00 ) = 420 ke V ). The upper limit of the energy 
window set for all the detector crystals remained unchanged (ie. 850 ke V). The same 
experimental data, mentioned before, were used in simulating the rejection of 
scattered gamma rays from the inner detector crystals. The number of detected events 
under the full energy photopeak in this condition is tabulated in Table (4.5). The 
number of Compton scattered events in both energy window settings proposed by the 
manufacturer and the method proposed in this study, Table (4.5), were calculated by 
subtracting the number of events under the ideal full energy photopeak from that of 
the two different methods of setting energy windows. Comparing the number of these 
scattered events shows that a considerable amount (on average almost 75%) of 
scattered events from the Compton continuum section of the inner crystals' energy 
spectra have been eliminated. 
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Since the detection efficiency of the central crystals is more than that of the 
edge crystals, Table ( 4.2 ) and section 3.7, this method will also provide a better 
detection uniformity across the face of the detector block. Referring to the data in 
section 3.7, at 350 ke V energy threshold the efficiency of the edge crystals is 73.0% 
of the inner crystals. Here the modulation of the efficiency between the inner crystals 
and the edge crystals was calculated to be 15.6% . While, at 420 keY energy 
threshold, the efficiency of the edge crystals is reduced to 66.6%, but the modulation 
in efficiency increased to 21.2% . Implementing the method of setting different energy 
thresholds for the inner and the edge crystals proposed in this section, means having 
the efficiency of the inner crystals at 420 ke V threshold with that of the edge crystals 
at 350 ke V threshold. As expected in this condition the modulation between the two 
groups of crystals reduces to 5.3% . This means that implementing the method of 
mixed energy threshold will reduce modulation in efficiency across the face of the 
detector block by almost 66% . This method reduces the efficiency of the inner 
crystals by rejecting the photons which are mainly scattered. As a result the efficiency 
of the edge crystals increase. to almost 90% of the inner crystals. Therefore, raising 
the energy threshold, by 70 ke V, for the inner crystals helps to reject unwanted events 
and decrease their efficiency to a level comparable to that of the edge crystals. 
Implementing the above method will help to reject not only the scattered 
photons originating from a scattering medium but also will discriminate against a 
considerable number of inter-crystal scattered events. This will in turn bring 
improvement on the spatial resolution uniformity across the face of the detector block 
discussed in a previous chapter. In order to show the advantage of employing a mixed 
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energy window the plan was to measure the spatial resolution of a line source in a 
scattering medium at both energy thresholds of 350 keY and 420 keY. Then after 
comparing the data obtained in both conditions, present the LSFs of the inner crystals 
at 420 keY associated with the LSFs of the outer crystals at 350 keY. But 
unfortunately due to some serious problems with the electronics of the system such 
experiment was not accomplished. 
Currently, for the removal of the efficiency modulation the normalization is 
performed on the image matrix. Since in the efficiency correction process low-count 
or noisy pixel values are multiplied by factors greater than one, this inherently 
amplifies the contribution of these noisy pixels to the image. As discussed above, by 
implementing the dual energy window technique, but at the expense of some loss in 
the efficiency of the central crystals, a reasonable uniformity in the measurement is 
achievable. This will reduce the noise contribution arising from the normalization and 
will enhance the image quality and will help for beter positioning of the source of 
coincidence events and to perform more accurate quantitative measurements. 
This method of rejecting the scattered gamma rays would be easy to implement 
on the PET systems employing detector blocks, such as ECAT 935B [ Spi 92 J. As 
the gamma ray strikes the crystal in the block, the energy and the crystal of interaction 
are identified. Therefore, one can programme such a system so that if the crystal of 
interaction is one of the inner crystals to reject any gamma ray with energy less than 
a certain limit. This limit is achieved by raising the energy threshold of the detector 
block by a predetermined factor ( or for example 20% of the threshold adopted for the 
outer crystals ). 
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4.11 Discussion and Conclusion: 
In this study it was shown that the whole block energy spectrum which is a 
combination of the energy spectra of all of its crystal elements is broad. Despite the 
fact that all the detector crystals detect gamma rays having the same energy (511 
ke V), their corresponding photopeaks appeared at different positions on the energy 
axis. The reason for such behaviour was suggested to be due to differences in the 
optical coupling between the crystals and the active areas of the PMTs. Variation in 
the position of full energy photopeaks of detector crystals results in the broad 
spectrum of the whole detector block. Having a broad energy spectrum, in order to set 
an energy window there must always be a compromise between the block data 
collection efficiency and rejection of part of the Compton continuum. The 
manufacturer has now improved the quality and the shape of the energy spectrum 
from what was shown in figure ( 4.1 ) to figure ( 4.7 ) in a new generation of PET 
systems. This has been achieved by employing the technique explained in section 4.4 
which enables the user to set the same energy window at any section of the energy 
spectrum of individual detector crystals, uniformly. 
Evaluating the performance of the detector block showed significant variations 
in crystal efficiency, energy resolution, and the number of scattered events in the 
Compton continuum, of detector crystals across the face of the detector block. The 
energy resolution of the inner crystals is almost 30% better than the edge crystals. 
Despite better detection efficiency of the inner crystals and the fact that the central 
crystals are surrounded by other crystals leading to more inter-detector scattering, the 
number of events in the photopeak background and in the Compton continuum of the 
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energy spectra was increasing from the centre to the edge of the detector block. All 
these variations arise from the difference in the optical coupling between individual 
crystals and the active area of the PMTs and the position of the crystals within the 
block which results in a higher probability for the escape of scattered photons out of 
the detector block for the edge crystals. 
An alternative and even better method to the technique adopted by the 
manufacturers, in acquiring and illustrating the energy spectrum of the entire detector 
block is utilizing the modification technique which enables us to change the broad 
energy spectrum into a spectrum having a single cumulative photopeak. The modified 
energy spectrum exhibiting a single well defined photopeak figure ( 4.9 ) makes the 
improvement over the unmodified case, figure ( 4.1 ), immediately apparent. This 
ideal full energy photopeak provides more than 40% improvement in the energy 
resolution ( 16.8% ) over the present energy resolution of the mini PET system. Since 
utilizing the modification technique makes it easy to acquire such well defined full 
energy photopeaks for every individual detector block, it can be implemented for 
quality control of numerous detector blocks comprising a multi-ring PET scanner. 
It was shown that the inner detector crystals, due to better optical coupling 
which leads to efficient light collection, represent better energy resolution than the 
edge crystals. This led to the discussion that the conventional method of energy 
discrimination in which a single threshold is set for all detector crystals will cause 
differences in efficiency and acceptance of amount of scattered events between the 
detector elements. Hence, on the basis of the experiments and simulations, 
implementing a dual energy threshold scheme was proposed. In this method using a 
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higher energy threshold for the inner detector elements ensured reduction of variations 
in efficiency over the face of the detector block and rejection of a great number of 
scattered events detected by the inner detector crystals. This in turn will minimize the 
differences in spatial resolution between the inner and the outer crystals. 
It was demonstrated that implementing this technique can be successful in 
rejecting the scattering component of inner crystals without losing the true data from 
the peripheral crystals. Using this technique is a major step forward in the rejection 
of scattered photons and enhancing the quality of the PET images. More importantly 
it is very important in quantitative measurements of radionuclide distributions. 
Plotting the energy spectra of PMTs revealed that two of the PMTs have lower 
pulse heights and incompatibility between the characteristics of detector crystals on 
both sides of the detector block was found to be related to the poor performance of 
these two PMTs. Therefore, one of the major sources of potential problems with the 
detector block is stability. As was demonstrated any change in the status of one of the 
PMTs could cause significant variation in resolution and efficiency of its 
corresponding crystals. Hence, regular control of PMTs with respect to their 
performance was proved to be very important. 
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CHAPTER 5 
ASSESSMENT OF INTER-DETECTOR 
SCATTERING 
AND ITS ASSOCIATED PROBLEMS 
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5.1 Introduction: 
The spatial resolution of a PET system primarily depends on the size of the 
detectors. The major difficulty in achieving both high resolution and high detection 
efficiency is the requirement of a small detector to fully absorb the 511 ke V photon 
within its volume, thus, minimising the escape of the Compton scattered photons into 
the neighbouring detector crystals. These events, in this chapter, are referred to as 
inter-detector scattering. 
There are two types of inter-detector scattering that can lead to loss of data or 
mispositioning. Figure ( 5.1-a ) shows the true coincidence event between the two 
opposite detector crystals. In this case the two annihilation photons are only detected 
by the two opposite detector crystals. The first type of inter-detector scattering which 
leads to a triple coincidence is illustrated in figure ( 5.1-b ). In this type of event one 
photon is entirely absorbed by one detector crystal whereas on the opposite side the 
511 ke V photon undergoes Compton scattering in the primary crystal of interaction, 
where part of its energy is absorbed. The scattered photon deposits the rest of its 
energy in an adjacent or any other neighbouring crystal. If the amount of energy 
deposited in both detector crystals is high enough to trigger both discriminators, the 
system would not be able to identify the true crystal of event. The correct detector pair 
in such conditions is ambiguous and the event is rejected, causing a loss in the 
efficiency and an increase in the dead time. 
The second type of inter-detector scattering IS forward angle scattering In 
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which most of the energy of the primary annihilation photon is carried by the scattered 
gamma-ray. The energy absorbed by the primary detector is not high enough to trigger 
the discriminator. Instead only the secondary detector, which is wrongly identified as 
the primary crystal of interaction, registers the event, figure ( 5.1-c ). Since in a PET 
system these kinds of events are recorded as true events and are accepted as part of 
the data, it leads to mispositioning and consequently a loss in spatial resolution. 
The measurement of inter-detector scattering has been performed by several 
groups [ Ric 87, Dah 85 ]. The methods implemented depends to a great extent on the 
detector configuration employed in their studies which differ in the number of crystals 
employed per PMT. The configuration of one PMT coupled to a single crystal can 
electronically be set to reject any event where either coincident gamma-ray interacts 
in more than one crystal. The num ber of rejected events indicates the amount of 
crosstalk [ Der. 77 ]. 
In a similar arrangement to the above, regarding the number of crystals per 
PMT, a non-collimated plane source was placed between three detectors on one side 
in coincidence with one detector on the opposite side. Two energy windows, one on 
the lower energy region and the other around the full energy photopeak, were set to 
distinguish the triple and the spillover events from the true coincidences [ Ric. 87 ]. 
In the arrangements, where one PMT is employed per two crystals or in our 
case where 48 BOO crystals are coupled to only four PMTs crosstalk between two 
or more neighbouring crystals would not be distinguishable. In the first case, one PMT 
/ two crystals, the amount of crosstalk has been measured by optically isolating the 
two crystals adjacent to the central one [ Ric. 82 ]. 
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figure ( 5.1 ): A schematic representation of the coincidence events, (a) true 
coincidence event, (b) triple coincidence event and (c): a spillover event. 
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But in our system the method of identifying the crystal of interaction, discussed 
in an earlier chapter ( chapter 3 ), is such that only the detector crystal which has 
absorbed the biggest part of the energy of the incident gamma-ray is identified as the 
true crystal of event. Hence triple coincidences cannot occur between the crystals 
within two opposite detector blocks of our mini-PET system. The problem will only 
arise, in a detector configuration utilizing more than two of these detector blocks 
where a gamma-ray is scattered from one detector block into an adjacent detector 
block. Here two crystals from both blocks, if other conditions are met, will be 
identified as the crystal of interaction for only one incident gamma-ray. The result will 
be a triple coincidence event which will be eliminated. 
By setting the lower energy discriminator above half of the energy of the 
annihilation photon, theoretically the number of triple coincidences should reduce to 
zero. However, due to the finite energy resolution of the detectors, the amount of the 
triples above this threshold could have a non-zero value. 
The method of crystal identification in the mini-PET system or choosing 255.5 
ke V ( half the energy of the annihilation photon ) as the lower energy threshold 
partially reduces the amount of cross talk. It will reassign the events, which deposit 
most of their energy in the secondary crystal, from a triple to a spillover. The result 
will be a true event if the first crystal of interaction receives the biggest share of the 
energy of the incident gamma-ray. Hence the part of this data which is reassigned to 
true events causes an increase in the detection efficiency, while the rest of the data 
contribute to mispositioning, resulting in a worse spatial resolution for the system. 
This situation in which the triple coincidences are accepted either as true coincidences, 
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figure (5.2-b), or scatter events, figure (5.2-c), is illustrated in figure ( 5.2 ). 
The use of lead or tungsten septa between neighbouring crystals has been 
suggested as a remedy for inter-detector scattering in PET systems [HoI. 85, Lec. 85]. 
It should be remembered that the use of septa will reduce the geometric efficiency of 
the system due to replacement of the detector materials with septa. The loss of system 
efficiency and the problem of photons scattering from the high Z septa into the 
detector crystals makes the effectiveness of such shielding questionable. 
Since in the more recent PET systems the energy threshold is set over 250 ke V 
[ Spi. 92 ], our primary concern is the assessment of the amount of inter-detector 
scattering which leads to the loss of spatial resolution. Here the method applied in the 
study of inter-detector scattering employs a collimated beam of annihilation photons 
directed towards the centre of two opposite detector crystals ( target crystals ). All the 
events detected by the detector crystals apart from the target crystals will be 
considered as the inter-detector scattered events. 
The experiments were carried out for the three coincidence data acquisition 
modes of l-NN, 3-NN and 8-NN presented in figure ( 3.4 ), chapter ( 3 ). In this 
study the factors leading to the nonuniformity in the distribution of the inter-detector 
scattering is investigated and a solution to this problem is presented. The contribution 
of single and double inter-detector scattering to mispositioning of the event is also 
evaluated. The effect of inter-detector scattering on the detector resolution and the 
possibility of reducing this effect by energy discrimination was therefore investigated. 
Finally the energy distribution of the inter-detector scattered events for detector 
crystals at various positions are compared with each other and they are also compared 
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with that of true coincidence events from the target crystal. 
5.2 Collimator Design and Point Source Preparation: 
The aim of the experimental set-up was to irradiate a chosen single detector 
crystal ( target crystal ) while shielding the other detector crystals in the detector 
block. In order to satisfy such conditions, by taking into account several important 
factors, a collimator was designed. The primary factor in the design of the collimator 
hole was its ability to confine the incident 511 ke V photons within the target crystal. 
The calculation showed that the solid angle subtended by a 1 mm diameter x 30 mm 
long collimator hole could cover an area at the far end of the target crystal, which 
with the proper set-up, will not extend beyond the boundaries of that crystal. Such 
collimator would not allow the direct, non-scattered, gamma-rays to penetrate from the 
primary crystal to the adjacent crystals, provided that the incident gamma-ray is 
directed towards the centre of the target crystal. 
Fortunately, the maximum thickness of lead through which a straight I mm 
diameter hole could be drilled in our Mechanical workshop was 30 mm, which was 
thick enough to attenuate 99.6% of 511 keY annihilation gamma-rays [Hub 82 ]. The 
cylindrical collimator of 50 mm diameter would cover the face of the detector block 
and also could fit the collimator holder of the scanning rig. In order to collimate the 
two annihilation gamma-rays towards the centre of the two opposite target crystals, 
two such collimators were to be employed. 
Spherical clay beads, of diameter between 1 to 2 mm were used for making 
the point source. In order to obtain good counting statistics through such a narrow 
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collimator hole (1 mm x 30 mm ) the clay beads were immersed into a small volume 
of liquid 18F with high specific activity ( ie. 1 x 106 to 1.5 X 106 Bq / ml ) for almost 
30 minutes. Clay is known to have a high uptake of fluorine. Then the soaked 
radioactive bead was placed in the groove carved on the collimator holes between the 
two 30 mm long sections of the collimator. In figure ( 5.3-a and b ) the radioactive 
clay bead is shown in the centre of 60 mm long lead collimator. In this experiment, 
the point source was not made of capillary tubes for two obvious reasons. First, it was 
impossible to fit a 1 mm diameter tube ( and smaller capillary tubes were not avail 
able) into a 1 mm diameter collimator hole. Second, even if despite our calculations 
which does not allow a bigger diameter collimator hole, the collimator hole was made 
larger in order to accommodate the capillary tube, there would have always been the 
risk of displacement of the two 30 mm thick sections of the collimator which could 
break the capillary tube. Taking this risk could result in spillage of liquid 18F. 
5.3 Adjusting the Collimator Hole onto the Centre of the Crystal of Interest: 
In order to irradiate a particular crystal or two opposite crystals in coincidence 
mode, one needs to adjust the collimator hole on the target crystals. Since the faces 
of the detector blocks were covered with black material to protect them from ambient 
light, it was not possible to see the position of each individual detector crystal. To 
overcome this problem the following steps were taken. 
a: The block of crystal array ( 6 x 8 ) was drawn, with exact dimensions, on 
a thin graph paper and was attached on the face of one of the detector blocks. 
b: Two of the 30 mm long collimators, mentioned in the previous section, were 
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attached together making a 1 mm x 60 mm collimator which was placed in the 
collimator holder of the scanning rig. The scanning rig was moved in all directions 
until it was fixed on the position where the laser beam, already fixed on the centre of 
the target crystal, was allowed to pass through the collimator hole. 
c: The energy window for both detector blocks was set between 350 - 850 
ke V. The target crystal was irradiated with the point source in the middle of the 60 
mm long collimator. The scanner was moved around the fixed position in 0.5 mm 
steps comparing the singles and normalised coincidence counts at every stage. The 
search for the best position for targeting the centre of the crystal of interest which 
would also result in the highest number of counts in the target crystal and the lowest 
number of counts in the neighbouring crystals proved that the previously fixed 
position found was the best one. Therefore steps ( a ) and ( b ) proved to be accurate 
and completely sufficient in providing us with the best position. Since both detector 
blocks are fixed exactly opposite each other, once the collimator is adjusted on one 
detector crystal it is then adjusted on the opposite detector crystal as well. This was 
then checked to make sure that the adjustment is precise. 
5.4 Experimental Set-up: 
The clay bead which had been immersed into a few drops of liquid 18F (typical 
specific activity = 1.4 x 106 Bq / ml ) for 30 min, was placed between the two lead 
collimators. Then the two segments of lead collimators were coupled to each other, 
using radiation labelled tapes. The 60 mm long collimator with the point source in its 
centre was then fixed into the collimator holder of the scanner. The scanning rig had 
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already been adjusted so that the collimator hole was aiming at the centre of the 
crystals of interest on either side. 
The proper block to block distance was determined to be 75 + 0.5 mm. This 
set-up will allow the maximum possible efficiency, while the volumes subtended by 
the collimator solid angles were still to be within the boundaries of the opposite target 
crystals along their whole length. The diameter of the base of these conical volumes 
at the far end of the target crystals was calculated [ ( ( ( 1/30 ) x 67.5 ) x 2 ) - 1 ] or 
[ ( ( 0.5/15 ) x 52.5 ) x 2 ] to be 3.5 + 0.02 mm. Since the transaxial distance, which 
is in the direction of the minor dimension of the crystal, between the centre of the two 
adjacent crystals is 4 mm, this set-up would not allow any direct (non-scattered) 
gamma-rays to penetrate into the adjacent crystals, figure ( 5.3 ). 
In this study the upper energy discriminator was set at 850 ke V and the lower 
energy threshold was raised in 50 keY steps starting from 100 keY up to 600 keY. 
The lowest energy threshold was decided to be 100 ke V to discriminate not only 
against the 85 ke V characteristic x-rays from the bismuth in the BGO crystals, but 
also the 74 and 84 ke V x-rays from the lead collimator induced by the 511 ke V 
annihilation photons [ NCRP 85 ]. Scan times of 200 s duration at each stage were 
required in order to obtain good counting statistics. 
This experimental set-up was first used to direct the annihilation photons onto 
central target crystals on row 4 and column 3 on either side of the collimator. Then 
a similar set-up was employed to target the crystals on row 2 and column 2 of the 
detector blocks. The difference between these two crystals of interest is in their 
relative position to the fourPMTs, as well as, to the number of the detector crystals 
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surrounding them ( i.e. being at the centre and close to the edge of the detector block, 
respectively). All the collected data were corrected for radioactive decay. The dead 
time varied between 0.5 to 5 percent according to the chosen energy window. As it 
has already been mentioned in an earlier chapter the data were also corrected for 
accidental coincidences. 
5.5 The Probability of Scatter Detection: 
The image matrix presented in Table ( 5.1 ) is obtained with the energy 
threshold at 550 keY while the system was operating in 8-NN data acquisition mode. 
The pixel with the maximum number of counts corresponds to the position of the 
central target crystals. The data in all the other pixels are the result of the scattered 
gamma rays detected in coincidence. At first it may seem hard to accept that at such 
an energy threshold which is much higher than the energy of non-scattered 511 keY 
photons, the image matrix contains the data representing the scattered events. 
Figure ( 5.4 ) is a schematic representation of the detector block where the 
extreme case in the probability of the scattered gamma rays being absorbed in the 
neighbouring crystals is illustrated. 
At 511 ke V the predominant type of scattering is low angle forward scattering. 
Since the energy loss of the primary photons in the scattering process is very small 
and narrow deep crystals are utilized in the detector blocks, there is a high probability 
that the secondary photon will escape the primary detector crystal, depositing its 
energy in the neighbouring crystals [ Dah. 85, Hof. 87, Ric. 87 and Ric. 82 ]. 
The minimum scattering angles and the maximum scattering energies for 
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Table ( 5.1 ): The image matrix of the collimated point source obtained in 8-NN 
data acquisition mode, using 550 - 850 ke V energy window. 
0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 
0 2 2 3 0 2 0 0 0 0 0 
0 3 18 24 38 15 9 3 0 2 0 
0 14 20 173 541 78 9 0 0 2 0 
0 5 11 36 54 1 7 12 3 0 0 0 
0 0 3 9 9 3 5 0 0 0 0 
0 0 0 2 3 0 0 0 0 0 0 
0 0 0 0 0 2 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 6 0 0 0 
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figure ( 5.4 ): Schematic representation of the detector block ( 6 x 8 crystal array). 
The central target crystal on row 4 and column 3 is highlighted. The minimum 
scattering angles for the annihilation photons impinging on the centre of the target 
crystal and detectable by the neighbouring horizontal and vertical crystals are shown 
on the top and the side face of the detector block ( dashed lines ) These angles are 
(3.8 , 11.3 and 18.4 ) and ( 6.4 , 18.7 , 29.4 and 38.2 ) degrees in the horizontal and 
vertical directions, respectively. 
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various horizontal and vertical crystals are tabulated in Table ( 5.2 ). These values are 
derived based on the experimental set-up in which the collimated annihilation gamma 
rays are directed towards the centre of two opposite crystals. The data listed in this 
table discloses that the energy loss by the scattered photon undergoing the minimum 
scattering angle acceptable by the adjacent crystals is negligible compared to the 
energy resolution of the detector. The gamma rays scattered into the minimum 
detectable angle by the edge crystals in horizontal and vertical directions are only 
deprived of 4.9 and 17.6 percent of their initial energy respectively. On that account, 
one would recognize that due to the finite energy resolution of the detector crystals, 
varying between 17 to 27 percent, ( section 4.5, chapter 4 ), it is reasonable to see that 
the pixels far from the pixel representing the crystal of interest are occupied by the 
unwanted data due to scattering. 
Table ( 5.2 ): The maximum Compton scattering energies corresponding 
to the minimum scattering angles shown in figure ( 5.4 ). 
first second third fourth 
adjacent adjacent adjacent adjacent 
horizontal angle (deg) 3.8 11.3 18.4 -
horizontal energy(ke V) 510 501 486 -
vertical angle (deg) 6.4 18.7 29.4 38.2 
vertical energy(ke V) 508 486 453 421 
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The height of the crystal which is almost twice its width causes the minimum 
energy of the scattered photon interacting with the second vertical neighbour to be 
equal to that of the edge crystal in the horizontal direction. The above discussion 
implies that incorporating deeper crystals in order to promote the detection efficiency 
of the system will increase the probability of registering low angle scattered gamma 
rays in nearby detector crystals. This will result in degradation of the event positioning 
accuracy of the system. 
5.6 Non-Uniformity in the Distribution of Inter-Detector Scattering: 
The crystals incorporated in detector blocks are rectangular in shape. Their 
dimension is 3.5 mm wide, 6.2 mm high and 30 mm long, as shown in figure ( 5.4). 
The dimensions in this figure have been enlarged by a factor of two. 
The image matrix presented in this section, Table ( 5.3 ), shows that the sum 
of the number of scattered events in the adjacent horizontal crystals is about 1.84 
times greater than that of the immediate neighbouring crystals in the vertical 
direction.This is primarily due to the magnitude of the coupling area between the 
crystals in each direction. The escape of the scattered gamma rays from the primary 
crystal at any particular scattering angle is uniformly distributed in all directions. 
Hence the amount of scattered gamma rays detected by the proximal crystals is 
strongly influenced by their coupling area to the crystal of interaction. This area in the 
horizontal direction ( 6.2 mm x 30 mm = 186 mm2 ) is larger by a factor of 1.8 to that 
of the vertical direction ( 3.5 mm x 30 mm = 105 mm2 ). As it is evident the ratio of 
the number of vertical to horizontal detected events by the crystals adjacent to the 
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Table ( 5.3): The image matrix of the collimatted point source obtained at I-NN 
scanning mode, energy window between 350-850 keY, representing the nonuniformity 
in the inter-detector scattering distribution in the horizontal and vertical directions. 
0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 2 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 
0 0 0 4 6 0 0 0 0 0 0 
0 2 8 18 33 10 8 0 4 0 0 
0 4 18 94 340 61 10 0 6 0 0 
0 10 77 696 4611 460 41 4 0 0 0 
0 4 16 77 287 77 18 0 0 0 0 
0 0 0 14 20 10 0 0 0 0 0 
0 0 0 2 6 2 0 0 0 0 0 
0 0 0 2 0 2 0 0 4 0 0 
0 0 0 0 0 0 2 0 0 0 0 
0 0 0 0 0 0 0 0 0 2 0 
0 0 0 0 0 0 2 0 2 0 0 
0 2 0 0 4 2 4 2 0 2 0 
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target crystal, IS [( 460 + 696 ) / ( 340 + 287 ) ] = 1.84 + 0.09, In excellent 
agreement with the coupling ratio in the corresponding directions. 
Another factor affecting the amount of the scattered gamma rays detected in 
the neighbouring crystals is their ability to absorb that gamma ray. This ability for the 
crystals made of the same material depends on the thickness of the crystal in the 
direction in which the scattered gamma ray traverses. Vertically the crystals are almost 
twice as thick as in the horizontal direction. This thickness has two effects on the 
number of scattered events detected by the surrounding crystals. The thicker dimension 
in the vertical direction stops more gamma rays in the target crystal, hence reducing 
the number of scattered photons entering the adjacent vertical crystals. In turn this 
thickness will help to prevent the scattered gamma rays passing through into second 
adjacent vertical crystals, increasing the share of the inter-detector scattered events in 
the vertical crystals in the first neighbourhood. 
The situation discussed in the previous paragraph has a reverse effect on the 
behaviour of the gamma rays scattered in the horizontal direction due to the thinner 
dimension of the crystal in this direction. Here less gamma rays are stopped in the 
target crystal promoting the amount of the scattered photons entering the neighbouring 
crystals in that direction. Although the influx of the scattered gamma rays into the 
immediate horizontal neighbouring crystal increases, the same factor allows more 
scattered gamma rays to escape from it into the second adjacent crystal. 
The difference in the number of the scattered events on either side of the target 
crystal, in both vertical and horizontal directions, may be due to the position of the 
corresponding crystals with respect to the PMTs, section ( 4.3 ) and Table ( 4.1 ). The 
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crystals on the top and the left of the target crystal are sharing the same photocathode 
as the target crystal whereas those on the right and the bottom side of the target cry 
stal are located on a different photocathode or even on the PMTs enveloped in a 
separate glass envelop, respectively. 
Apart from the above, there are other factors, such as the energy threshold and 
nonuniformity in the counting efficiency and energy resolution of the detector crystals, 
which will affect the number of scattered events detected by various detector crystals 
encompassing the target crystal. 
The smaller dimension of the detector crystals in the horizontal direction is to 
provide a better transaxial resolution than axial resolution. But this is achieved at the 
cost of a higher number of inter-detector scattered events in that direction. 
The experimental data and the above discussion demonstrate that the major 
factor leading to the non-uniformity in distribution of the inter-detector scattering is 
the difference in the coupling area between the detector crystals. Therefore one would 
expect to see a significant improvement towards achieving a uniform distribution of 
the inter-detector scattering, over the whole image matrix, if the detector crystals are 
made to have a square face. This not only makes the coupling area between the 
detector crystals in both the horizontal and vertical direction equal, but also, the 
scattered photons will traverse the same thickness from one detector crystal to another 
in both directions. The technique developed in this study for the assessment of the 
inter-detector scattering should be employed to fined the optimum thickness of the 
crystals in each direction. 
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5.7 The Variation of Inter-Detector Scattering with Energy Threshold: 
The variation of the coincidence inter-detector scattering fraction, defined as 
[ 1 - ( (the number of events in the pixel of interest, which are regarded as true 
events) / (total number of events in the image matrix) ) ], as a function of the energy 
threshold, by exposing the central detector crystals to the collimated annihilation 
photons, was investigated. These variations for the three tomographic modes of I-NN, 
3-NN and 8-NN are plotted in figure ( 5.5 ). 
Since the scattered photons detected by the surrounding crystals have deposited 
a fraction of their energy in the crystal of interaction and have also been attenuated 
in their passage through the detector material, the quantity of the scatter fraction 
increases by reducing the energy threshold. These results indicate that the rate of 
decline in the scatter fraction is sharper as the lower energy discriminator is 
incremented in the higher energy region for all three scanning modes. The distribution 
of inter-detector scattered events for three different energy thresholds of 200 ke V, 350 
keY and 500 KeV obtained at I-NN scanning mode are presented in the Image (5.1)-a, 
b, and c, respectively. The 3-D representation of these events for the above energy 
thresholds are also presented in Plot ( 5.1 )-a, b, and c, respectively. The mean value 
of the scatter fraction over the whole range of the energy thresholds between 100 to 
550 keY grows from 34.4 ± 0.9 percent for I-NN to 52.8 ± 1.3 percent for 3-NN, 
whereas there is a 12.1 % rise in this quantity by converting the data acquisition mode 
from 3-NN into 8-NN ( ie. from 52.8% to 62.9% ). By enhancing the tomographic 
mode, the shift in the experimental values is consistent with the additional number of 
crystal detectors set in coincidence accordingly. The shift in the amount and the 
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Plot ( 5.1 ): The 3-D representation of distribution of inter-detector scattered events 
at I-NN scanning mode for energy thresholds of; ( a ) 200 keY( overleaf), ( b ) 350 
keY ( overleaf), and ( c ) 500 keY. 
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Plot ( 5.2 ): The 3-D representation of distribution of inter-detector scattered events 
at 350 ke V energy threshold and scanning modes of; ( a) I-NN ( overleaf ), ( b ) 3-
NN ( overleaf ), and ( c ) 8-NN. 
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distribution of the inter-detector scattered events as the scanning mode is changed 
from I-NN to 3-NN and then to 8-NN the energy threshold of 350 keY are illustrated 
in Image ( 5.2)-a, b, and c, respectively. The 3-D representation of these events is also 
shown in Plot ( 5.2 )-a, b, and c, respectively. 
This study was also carried out by projecting the collimated 511 keY photons 
onto the crystal on the junction of row 2 and column 2. The corresponding graphs are 
presented in figure ( 5.6 ). In comparison with the previous set-up the average value 
of the scatter fraction for I-NN, 3-NN and 8-NN has dropped to 70.3, 85.6 and 74.9 
percent of those in the previous set-up, respectively. Since in the case of the I-NN 
option the amount of the scatter fraction heavily depends on the number of the 
scattered events detected by the crystals in the immediate neighbourhood of the target 
crystal, the poor efficiency of the edge crystals has caused a relatively bigger drop in 
the value of the scatter fraction in comparison with the other two tomographic modes. 
For the same reason mentioned above and the fact that in this experimental set-
up nearly 75% of the scattered gamma rays which travel beyond one crystal 
dimension, escape the detector block, the remaining very small amount of double 
inter-detector scatter would not influence the build-up of the inter-detector scatter 
fraction at the lower energy sector. This causes the graph related to I-NN, figure (5.6) 
to appear almost uniform over the whole range of the energy thresholds and it can be 
seen that the fluctuations are within the statistical error. The escape of the scattered 
photons from the detector block, discussed in the preceding paragraph is the major 
factor which makes the magnitude of the inter-detector scatter fraction obtained in the 
8-NN mode to approach that of the 3-NN. This causes their difference not to exceed 
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beyond the scale of their statistical fluctuations. 
By setting the energy threshold above 550 ke V the magnitude of the inter-
detector scatter fraction shows an unexpected deviation. As the energy threshold was 
raised from 550 keY to 600 keY, this quantity increases from 27.6 ± 1.4 percent to 
29.4 + 2.6 percent for 1-NN. The shift in this amount for the 3-NN and 8-NN data 
acquisition modes was from 44.6 ± 2.0 and 52 ± 2.6 percent to 48.4 ± 4.1 and 56.7 
± 5.7 percent, respectively. The low counting statistics due to a smaller energy 
window ( ie. 250 ke V ) at higher energy threshold has produced a bigger statistical 
error than the amount of change in the magnitude of the coincidence inter-detector 
scatter fraction. 
As the energy threshold increases one would expect to exclude more low 
energy scattered photons and consequently to have a drop in the value of the scatter 
fraction. In order to investigate the behaviour of the scatter fraction in the higher 
energy region, the inter-detector scatter fraction versus the energy threshold for a 
single detector block, when one of the central crystals ( on the intersection of row 4 
and column 3 ) is targeted, is plotted in figure ( 5.7 ). 
One notices that the lowest amount of inter-detector scatter fraction for singles 
( data collected by a single detector block ) at 550 ke V threshold is around 83% 
which is significantly reduced to the above mentioned values in various coincidence 
data acquisition modes. This huge reduction in the magnitude of scatter to total ratio 
is due to the discrimination of the coincidence detection against scattered and random 
events. The singles inter-detector scatter fraction follows the expected decreasing 
course with a sharper drop in its value between 350 and 550 ke V interval. This curve 
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shows an unpredicted change in its direction for energy thresholds above 550 keY, 
increasing with a very sharp slope up to 700 ke V where The experiment was 
terminated. Suprisingly the value of the scatter to total ratio at 700 ke V threshold is 
even greater than that of 100 keY. 
Although by raising the lower energy discriminator the number of scattered 
events is reduced, the matrix of collimated data for a single detector block at high 
energy thresholds indicates that the sudden upsurge in the value of the scatter fraction 
is due to the bigger rate of decline in the number of events detected by target crystal 
than the rate of drop in the number of scattered events. 
In order to illustrate the difference in detection efficiency of the central and the 
edge detector crystals at very high energy thresholds, the matrices of singles counts 
for one of the detector blocks at energy thresholds of 550 keY and 650 keY, using a 
collimated point source, are presented in Table ( 5.4 ) and Table ( 5.5 ), respectively. 
A comparison between the number of photons detected by the central crystals and the 
edge crystals for the two different energy thresholds shows the extent of data loss by 
the central crystals. Although the data collected at 550 ke V threshold suffers from the 
same problem, the amount of data lost by the central crystals is not apparent due to 
a wider energy window. Here the number of events detected by the central target 
crystal with a 550 keY energy threshold is a factor of five, ( 14486/2876 = 5.0 + 0.1) 
greater than the number of events detected by the same crystal at 650 keY energy 
threshold. Whereas the same ratio for the edge crystal positioned at the same row as 
the target crystal is (2331/861 = 2.7 + 0.1) 2.7. This indicates that the efficiency of 
the central target crystal at 650 ke V energy threshold has almost been reduced by a 
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factor of 2 compared with that of the referred edge crystal. This is due to the 
nonuniformity in detection capability of detector crystals of which the performance is 
position dependent. This matter is dealt with in chapters 3 and 4, where the origin of 
Table ( 5.4 ): The singles matrix of data obtained by 
collimating the 511 ke V photons onto one of the central crystals 
of the detector block. The target crystal is on the intersection of 
row 4 with column 3. The energy window set-up was between 
550 - 850 ke V. 
1348 1285 1610 1374 1260 881 
1923 1511 1462 1344 1002 1369 
2990 2008 3320 2519 1311 1692 
2331 6655 14486 4484 2387 1153 
2098 3031 3742 3200 1432 2602 
1811 1981 1741 1503 1435 1013 
1517 1090 1261 798 681 927 
1448 2034 1431 2221 1019 894 
158 
Chapter 5 
Table ( 5.5 ): The singles matrix of data obtained by 
collimating the 511 ke V photons onto one of the central crystals 
of the detector block. The target crystal is on the intersection of 
row 4 with column 3. The energy window set-up was between 
650 - 850 keY. 
671 377 418 299 363 377 
523 114 0 0 26 422 
1370 207 267 240 101 487 
861 1463 2876 1144 468 300 
802 600 601 434 219 1213 
652 257 122 89 118 265 
577 109 50 0 33 197 
911 1326 697 1449 477 407 
the factors leading to this problem is discussed in detail. It is caused by the method 
which is implemented for setting the energy window around the full energy 
photopeaks of individual detector crystals. This method employs a predetermined look-
up table in which the channel number of the 511 ke V peaks of the individual detector 
crystals is registered. The channel number of the 511 ke V peak, depending on the 
relative position of its corresponding crystal to the four PMTs will appear somewhere 
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along the 64 possible channels. The outer crystals have relatively poorer light coupling 
to the PMTs than the central ones. Therefore their 511 ke V peak appears at a much 
lower position than that of the central detector crystals. The chart of the 511 ke V peak 
positions, or the energy look-up table, for all detector crystals are presented in chapter 
4, Table ( 4.1 ). The maximum range of the energy spectrum which can be covered 
by every crystal is determined by the ratio of the highest possible channel number (i.e. 
64) to the position of its 511 ke V peak multiplied by the energy of the annihilation 
photon. This range for the two crystals which their 511 ke V peak appeared on the 
highest and the lowest position in the above mentioned chart extend to 605 ke V ( 511 
x 64 / 54 ) and to 1485 keY ( 511 x 64 / 22 ), respectively. Hence, when the 
suggested upper energy discriminator ( ie. 850 ke V ) is set, a considerable section of 
the annihilation photon energy spectrum is not covered by the central crystals, while 
the edge crystals include it. Therefore, in the above example the crystal with its 
energy photopeak position on channel 54 the upper energy discriminator is set at 605 
keY instead of 850 keY. This means any photon with its energy above 605 keY will 
not be detected. At 650 ke V energy threshold, the number of events detected by some 
central crystals is equal to zero, Table ( 5.5). The reason is that, the chosen energy 
threshold ( 650 ke V ) for these crystals has fallen beyond the maximum energy range 
covered by the pulse height analyser. 
5.8: Single and Double Inter-Detector Scattering: 
When two collimated annihilation gamma-rays interact with two opposite target 
crystals, the following possibilities may arise: 
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a: Both gamma-rays deposit all or most of their energies In the pnmary 
crystals, in which case a true coincident event will be recorded in the pixel 
corresponding to the position of the target crystals. 
b: One of the target crystals detects the incident gamma-ray whereas on the 
opposite side the gamma-ray scatters from the primary crystal to one of the 
neighbouring crystals. This condition, in which only one of the gamma-rays IS 
scattered to a secondary crystal, is referred to as a single inter-detector scatter. 
c: The two 511 ke V annihilation photons are scattered from their primary 
crystal of interaction into the neighbouring crystals where most of their initial energy 
is absorbed. In this case where both secondary crystals are recognised as the crystals 
of event, a double inter-detector scatter has taken place. 
In the case of 1-NN, as discussed in an earlier chapter, each crystal is in 
coincidence with its opposite crystal and its immediate adjacent crystals. Hence in 
this case, those single scattered photons which are only detected by the crystals 
adjacent to the target crystals would be recorded as coincidence events. These events 
will appear in the inter plane sections of the image matrix, in the pixels adjacent to 
the pixel representing the target crystal. 
The events recorded in the four pixels located diagonally in the vicinity of the 
pixel of interest ( representing the target crystal in an image matrix obtained at I-NN 
scanning mode ), are a mixture of single and double inter-detector scattering. The 
event is related to a single scatter, if one of the annihilation gamma rays scatters into 
any of the four crystals diagonally in the immediate neighbourhood of the crystal of 
interaction. These events could also be assigned to a double inter-detector scatter. This 
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requires that, if one of the gamma rays scatters into any of the first adjacent vertical 
crystals, the other one on the opposite side escapes into either of the immediate 
crystals in the horizontal neighbourhood. 
In the 1-NN data acquisition mode, the pixels addressed above make the 
maximum positioning error, in localizing the positron emitter, caused by the single 
scattered events to equalize the minimum inaccuracy due to double scattered events. 
Due to the dual nature of the events recorded in the above mentioned pixels and the 
fact that those generated by single inter-detector scatter are indistinguishable from the 
double ones, these data, for the sake of simplification, are excluded from our 
calculations and discussions. 
Therefore the mispositioning caused by a single inter-detector scattering event 
is one pixel width or height which is almost half the crystal dimension. Depending on 
whether scattering occurred in the horizontal or the vertical direction, the displacement 
has a minimum value of 2.2 mm or a maximum amount of 3.6 mm. 
A double inter-detector scatter can be recorded in the 1-NN option if certain 
conditions are met. To satisfy these conditions, both scattered gamma-rays must 
deposit their energy in the crystals which are in coincidence. This requires that the 
difference between their travelling distance within the detector block do not exceed 
one crystal dimension. Therefore a double inter-detector scatter will be accepted as 
part of the data, if only both scattered gamma-rays escape, from the target crystal, in 
the same direction. Hence all the recorded events, in the image matrix, apart from 
those within the pixel related to the target crystal and its adjacent pixels represent 
double scattered events. The minimum mispositioning caused by the double inter-
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detector scatter is equal to one crystal dimension or two pixels dimensions (ie. 4.4 mm 
or 7.2 mm) depending on whether the event happened in the vertical or horizontal 
direction. 
In the 3-NN option the single scatter will be accepted if one of the scattered 
gamma rays is detected up to the third neighbour. Since in this case, the maximum 
range in which a single scatter gamma ray can travel is equal to three crystal width 
or heights the mispositioning caused by these kind of events, in term of pixel size, can 
be as large as 13.2 mm and 21.6 mm in the horizontal and vertical directions , 
respectively. Double scatter events, in this imaging mode, will contribute to the 
worsening of the spatial resolution as long as the difference between the range of both 
scattered gamma rays do not exceed three crystal dimensions. 
The number of single and double inter-detector scattered events will reach a 
maximum value when the 8-NN imaging mode is employed. Since in this option all 
the detector crystals are in coincidence with each other , if the scattered photon is 
absorbed within the detector block, either of the two types of inter-detector scattered 
events can be detected as part of the image data. In this situation the misplacement 
caused by these sort of events has no limit but the boundaries of the detector block. 
In the 1-NN ( one nearest neighbour) imaging option one can distinguish, by 
looking at the image matrix, the single inter-detector scattered events from the double 
inter-detector scattered events. Hence in this section the discussion focuses on the 
experimental results obtained only in this imaging mode. In this study the amount of 
single and double inter-detector scatter has been evaluated. In the case of 3-NN and 
8-NN this task proves to be almost impossible due to a great number of probabilities 
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by which any of the above mentioned events could be asigned to a pixel. 
The variation of total, single and double inter-detector scatter fractions as a 
function of the energy threshold is plotted in figure ( 5.8 ). The average amount of 
single scattering over the whole range of the energy thresholds, between 100 ke V to 
550 ke V is 24.9%, which is 5 times greater than that of double inter-detector scatter. 
This is partially due to the fact that the 511 ke V photons are mostly forward scattered, 
figure ( 2.2 ) chapter 2, and a high proportion of them escape from the target crystal 
to the immediate adjacent crystals. The other factor which contributes to this value is 
the fact that the probability for which only one annihilation gamma-ray undergoes 
Compton scattering is greater than the probability for which both gamma-rays 
simultaneously scatter and travel with a maximum difference of one crystal dimension. 
The rate of increase in the amount of double scatter is higher than that of the 
singles as the energy threshold is lowered. The ratio of double scatter to single scatter 
increases from almost 9% at 550 keY threshold to about 28% at 100 keY threshold. 
Because double scatter events can occur at positions far from the target crystal, the 
scattered gamma-rays contributing to these events could have undergone a large 
scattering angle, or have been attenuated in their track. In either of these cases the 
scattered gamma ray could have lost a significant amount of its energy which will 
cause it to be rejected at higher energy thresholds. Accordingly as the energy 
threshold is reduced it is quite normal to accept a greater number of double scattered 
events. 
The variation of the single and double scatter fraction as a function of the 
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energy threshold when the outer crystal is targeted figure (5.9) almost follow the 
same pattern as compared to that of the central crystal figure ( 5.8). Here the amount 
of single and double inter-detector scatter with respect to the case where the central 
crystal was targeted has declined by almost 31 % and 24%, respectively. The 
degradation in the value of the single scatter is due to the poor efficiency of the edge 
crystals, whereas the escape of the scattered gamma rays from the detector block is 
bound to decrease the value of the double inter-detector scatter. The reduction in total 
amount of inter-detector scatter fraction owes both to the lower efficiency of the edge 
crystals and the escape of the scattered gamma rays from the detector block. 
5.9 The Energy Distribution of the Inter-Detector Scattered Events: 
To evaluate the energy distribution of the inter-detector scattered events the 
energy histogram of block 0 was obtained. With exactly the same experimental 
arrangement mentioned in section ( 5.4 ), the energy window was adjusted between 
100 keY to 850 keY. The data was collected for 600 s. 
The energy spectra of the crystals other than the target crystal represent the 
energy spectra of the inter-detector scattered gamma-rays. This is due to the fact that 
the only source from which they receive gamma-rays is the target crystal. Figure 
(5.10) represents the energy spectrum of the target crystal along with the energy 
distribution of the scattered gamma-rays in its right and left adjacent crystals. The 
shape of inter-detector scatter energy spectrum of the nearby neighbouring crystals to 
the target crystal is similar to that of the target crystal, but with a significant reduced 
efficiency. This resemblance is due to the fact that the scattered gamma-rays detected 
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by the adjacent crystals undergo a very small scattering angle, whereafter loosing a 
small amount of their initial energy. This makes the energy spectrum of the scattered 
gamma-rays, in the above mentioned crystals, to peak around 511 ke V. For exactly 
the same reason not only the amount of scattered gamma-rays detected in the 
Compton continuum region is very small, but also their distribution is the same for 
the three crystals ( target, right and left crystals ). All the above discussion is also 
valid for the distribution of the inter-detector scattered gamma-rays in the top and 
bottom adjacent crystals presented in figure ( 5.11 ). 
As the neighbouring degree of the crystals, comprising the detector block, with 
respect to the target crystal increases (ie. first, second, third and fourth neighbours) 
the shape of the energy distribution of their inter-detector scatter varies. This 
transformation for the two remote crystals in the vertical direction (ie. the crystals on 
the top and bottom edge of the detector block) is shown in figure ( 5.12 ). These 
spectra are almost flat with no strongly distinguishable energy photopeak. The number 
of detected scattered events in the lower energy, Compton continuum, sector, in 
comparison with that of the crystals in the first neighbourhood figures (5.10 and 5.11) 
and also with respect to the total num ber of detected events under its whole spectrum, 
is increased. This outcome is partially caused by the loss of energy due to the 
attenuation within the detector block, and the fact that the gamma-ray has experienced 
a bigger scattering angle losing a substantial amount of its original energy. 
Although all the crystals around the target crystal have almost the same 
detection efficiency, comparing figure ( 5.10 ) and figure ( 5.11 ) discloses that the 
number of scattered gamma-rays detected by vertical adjacent crystals is much less 
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figure ( 5.11 ): The energy distribution of the inter-detector scattered photons obtained 
from the crystals on either side of the central target crystal ( top and bottom) in the 
vertical direction compared with that of the non-scattered photons obtained from the 
central target crystal. 
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figure ( 5.12 ): The energy distribution of the inter-detector scattered photons obtained 
from the two crystals on the top and bottom edge of the detector block positioned in 
the same column as the central target crystal, compared with that of the non-scattered 
photons obtained from the central target crystal. 
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Chapter 5 
than that of the horizontal adjacent crystals. This issue was discussed in an earlier 
section. 
One of the methods which can be employed to reduce the inter-detector 
scattered events is by energy discrimination. The fact that the peaks of the energy 
spectra of the inter-detector scattered events, figures ( 5.10 ) and ( 5.11 ), appear 
almost at the same position to that of the non-scattered 511 ke V photons detected by 
the target crystal, proves that this method has the drawback that along with the 
rejection of the scattered events it will also exclude the true unscattered events. 
5.10 The Effect of Inter-Detector Scattering on The Spatial Resolution: 
In order to illustrate the effect of inter-detector scattering on the spatial 
resolution of the system, a profile through the image of a collimated point source is 
compared with the profile through the image of a point source in air. The point source 
in air was prepared, according to the instructions given in section 3.2, to have a 
dimension of 1 mm equal to the diameter of the collimator hole. In both cases the 
transaxial profiles passed through the same pixel of interest and then for visual 
comparison they were normalized to the same peak height, figure ( 5.13 ). Both 
images, Image ( 5.3 )-a and b, and their 3-D representation, Plot ( 5.3 )-a and b, were 
obtained employing 1-NN scanning mode and 350 - 850 keY energy window. 
The image of the collimated point source can not be regarded as completely 
scatter free. The reason is that apart from the number of events in the pixel of interest, 
the rest of the events are the inter-detector scattered events originating from the target 
crystal. Therefore, in the image of the collimated point source, there are inter-detector 
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Image ( 5.3 ): A comparison between the images of; a) a collimated point source, and 
b) a point source in air. Here the energy window was set between 350-850 ke V. 
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scattered events from only one crystal to the surrounding crystals. Whereas, when a 
point source in air is imaged all the crystals are exposed to a flux of 511 ke Vphotons. 
In this case there is an exchange of inter-detector scattering events among all the 
crystals. Here, depending on the chosen scanning option ( I-NN, 3-NN, and 8-NN ), 
the coincidence scattered events will be detected. In this condition, in addition to the 
scattered events, there is also a contribution from the oblique gamma-rays which pass 
through the crystal directly viewing the point source to one of the immediate 
neighbouring crystals. But, in the image of the collimated point source there is no 
such events because the collimator is designed so that it would not allow the oblique 
rays to enter the neighbouring crystals. 
To summarize the above discussion, one can consider the number of events 
under the profile through the image of the point source in air as the sum of, (a) true 
events, (b) inter-detector scattering events, (c) oblique events, and Cd) a combination 
of oblique and inter-detector scattering events. 
It is apparent that for the central crystals the number of scattered events which 
enter the crystal is equal to the number of scattered events which leave that crystal. 
This trade turns negative in terms of the number of scattered events entering each 
crystal as the position of the crystal gets closer to the border of the detector block. For 
example; the same number of events scatter out of the edge crystals as the central 
crystals, but a smaller number of scattered events enter them due to lack of scattering 
medium ( neighbouring crystals) on the outer side. The number of scattered events 
contributed from all the crystals comprising the detector block to the central crystal, 
derived in section 3.5, was found to be 36.3% + 0.6% of its total number of detected 
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events. Also the number of scattered events contributed from the central crystal to the 
rest of the detector crystals comprising the detector block, using the same energy 
window ( 350-850 keY) and scanning mode ( 1-NN ), obtained utilizing a collimated 
point source, section 5.7, is 35.0% + 0.8% of the total number of detected events. As 
discussed above the contribution of scattered events from any crystal to the rest of the 
crystals comprising a detector block is equal to the contribution of the scattered events 
from all the crystals to that crystal regardless of the position of the crystal of interest. 
Therefore, it is interesting to note that the values of the inter-detector scattering 
fraction obtained for the central crystal, i.e. 36.3% + 0.6% and 35.0% + 0.8%, 
employing two different techniques are in excellent agreement within the range of 
their statistical errors. 
The FWHM of the profile of the collimated point source and the profile of the 
point source in air, figure ( 5.13 ), was measured to be 2.5 + 0.1 mm and 3.3 + 0.1 
mm, respectively. There is a considerable improvement ( almost 25% ) in transaxial 
resolution of the image of the collimated point source in comparison with that of the 
image of a point source in air. The ratio of the FWTH over that of the FWHM for the 
profile through the image of the point source in air, due to the presence of the inter-
detector scattering, increases from 2.1 + 0.1 ( i.e. 5.2/2.5 ) for the collimated point 
source, to 2.4 + 0.1 ( i.e. 8.0/3.3 ). This means that due to the presence of the inter-
detector scattering the PSF of a point source in air is not exactly a Gaussian 
distribution. 
In section 3.5, it was shown that the FWHM of the distribution of the inter-
detector scattering events for the central crystals of our system operating at 1-NN 
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scanning mode at 350 ke V energy threshold is 1.4 mm. The deterioration in the 
transaxial resolution of the system due to the presence of the above mentioned amount 
of inter-detector scattering events was also found to be 0.5 mm. Therefore, it is 
expected that the absence of the inter-detector scattering improves the transaxial 
resolution of the system from 3.3 + 0.1 mm to 2.8 + 0.1 mm. 
5.11 Discussion and Conclusion: 
In this study a new method of investigating the inter-detector scattering was 
established. This method will enable users toassessthe amount of the scattered photons 
detected by the crystals far from the crystal of interaction whereas other methods of 
evaluating the inter-detector scatter fraction have only taken into account those 
scattered photons which have been detected in the immediate neighbourhood of the 
target crystal [ Ric. 87, Dah. 85 ] and the rest of the scattered photons travelling 
beyond one detector crystal, have been neglected. This study showed that these 
scattered photons, detected in 1-NN mode, comprise almost 20% of the total scattered 
events. 
The unexpected appearance of the scattered events in the image matrix 
obtained by employing an energy threshold higher than the energy of the annihilation 
photons, 511 ke V, lead to the investigation of the probability of the detection of the 
scattered events in the detector crystals surrounding the target crystal. The 
calculations, regarding the dimensions of the crystals incorporated in the detector 
blocks, showed that the loss of energy by the photons undergoing the minimum 
Compton scattering angle and yet detectable by the detector crystals in the 
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neighbourhood of the target crystal is insignificant compared to the energy resolution 
of the detector crystals. 
The factors contributing to the nonuniformity in the distribution of the inter-
detector scattering were also investigated. The inequality in the number of inter-
detector scattering events in the vertical and horizontal direction was found to be due 
to the difference in the coupling area between the crystals and the thickness of the 
crystals in these two directions. The difference in the number of detected scattered 
events on either side of the target crystal is a result of disharmony in the detection 
efficiency of the detector crystals. The proposed solution to alleviate this problem was 
to incorporate crystals with a square base. This will provide equal coupling areas 
between the detector crystals in both the horizontal and vertical directions. 
Since by enhancing the tomographic modes, a bigger number of crystals are 
set In coincidence, the ability of the system in detecting the scattered photons 
increases accordingly. This brings a shift to the magnitude of the scatter fraction. The 
mean value of these shifts over the whole range of the energy thresholds between 100 
to 550 ke V for the three available tomographic modes for both the central and edge 
target crystals were evaluated. The variations in the amount of the scatter fraction as 
a function of the energy threshold for the three tomographic modes for the central 
crystal of interest were plotted and compared with those obtained for the target crystal 
close to the corner of the detector block. These plots represent the scattering 
contribution of each detector crystal to the whole image at various energy thresholds 
and tomographic modes. A comparison between the data obtained from two 
experimental positions well demonstrates that the shift in the mean value of the scatter 
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fraction as well as the contribution of the scattered events from each crystal to the 
whole image are position dependent. 
The variation of the inter-detector scattering fraction versus the energy 
threshold for a single detector block was plotted to explain the unexpected upsurge in 
the amount of the coincidence inter-detector scatter fraction for the energy thresholds 
above 550 ke V. The loss of valid data by the central detector crystals, which in this 
case one of the central crystals was the crystal of interaction recording the true 
unscattered events, at high energy regions was found to be the cause of this problem. 
To illustrate the difference in the detection efficiency of the crystals, the matrices of 
the singles for both detector blocks at energy threshold of 650 ke V was also presented. 
The maximum level at which the higher energy discriminator can be set in order to 
eliminate this problem was then calculated. 
The energy spectra of the photons detected by the detector crystals apart from 
the crystal of interaction represent the energy distribution of the inter-detector 
scattered gamma rays. The shape of these energy spectra in the immediate 
neighbouring crystals was found to be similar to that of nonscattered photons of the 
target crystal, but with a much smaller photopeak. In contrast, the inter-detector 
scattered photons detected by detector crystals far from the target crystal have 
undergone a wide scattering angle, losing most of their initial energy, which results 
in a bigger number of events to appear in the lower section of their energy spectrum 
with no distinguishable peak. The experimental results in the study of the distribution 
of the inter-detector scattered events demonstrate that employing a higher energy 
threshold as a means of rejecting the inter-detector scattered gamma rays in the 
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immediate neighbourhood of the target crystal is not a good solution to this problem. 
The disadvantages associated with reducing the inter-detector scattering by 
placing high Z septa between the detector crystals were discussed in the introduction 
to this chapter. In addition, in our system where in each detector block an array of 6 
x 8 crystals are coupled to 4 PMTs, placing lead septa between the crystals will 
prevent the scintillation light from the crystal of interaction to be shared by the 4 
PMTs. In this case only the PMT coupled to the crystal of interaction will produce an 
output signal. Since 12 crystals are mounted on each PMT, this output signal could 
be assigned to any of these 12 crystals. This makes the identification of the crystal of 
interaction impossible. 
The only means of avoiding the above mentioned problem seems to be the 
insertion of septa in the 0.6 mm wide existing grooves between the crystals. The shape 
of scattered and unscattered spectra, shown in figure ( 5.10 ) and figure ( 5.11 ), 
indicates that the energy of the scattered photons is very near to 511 ke V. The half 
value layer for lead at 500 ke V is 4 mm [ Hub 82 ], hence, the penetration of 
scattered photons through 0.6 mm lead septa would be very high. Although the inter-
crystal grooves have already created dead spaces between the crystals and filling them 
with high Z material would not affect the geometric efficiency of the system, but still 
the effectiveness of this proposal in reducing the inter-detector scattering, even by a 
small amount, is questionable. 
The error in localizing the events caused by the single and double inter-
detector scattering was then discussed. It was shown that although the mispositioning 
due to the single inter-detector scattered events, in 1-NN mode, is almost half the 
181 
Chapter 5 
amount caused by the double inter-detector scattered events, in terms of the numerical 
value, their number is almost five times greater than that of double inter-detector 
scattered events. By lowering the energy threshold from 550 to 100 keY it was found 
that the ratio of double to single inter-detector events increased by a factor of 3. This 
is caused by the increase in the detection of wide angle double inter-detector scattered 
events as the energy threshold is decreased. The difference in the amount of the single 
and double inter-detector scattered events in 1-NN scanning mode were related to the 
fact that the 511 ke V photons are mostly forward scattered as well as the poor 
probability for which both annihilation photons simultaneously scatter and to be 
detected within a distance equal to one crystal dimension. 
The variation of the single and double scatter fraction as a function of the 
energy threshold when the crystal of interaction was close to the corner of the detector 
block was also compared with that of the central target crystal. In this case the poor 
detection efficiency of the edge detector crystals and the escape of the double 
scattered photons from the detector block were mentioned to be the cause of the 
reduction in the amount of the single and double inter-detector scatter fraction, 
respectively. 
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6.1 Discussion: 
Variations In light collection, photocathode sensitivity, and inter-detector 
scattering account for the variations in efficiency, energy and spatial resolution over 
the face of the detector block. Since the edge crystals are positioned over the edge of 
the PMTs, which lead to a relatively poor light collection, and also they view the less 
sensitive area of the photocathode, they have relatively poor energy resolution and 
their full energy photopeaks appear at a position much lower than that of the central 
crystals. Due to the differences in the optical coupling between the crystals and the 
active areas of the PMTs the energy resolution of the inner crystals was found to be 
almost 30% better than that of the edge crystals. The low efficiency of the edge 
crystals was also suggested to be as a result of escape of incoherently scattered 
photons out of the detector block which caused the energy of the detected event to fall 
below the required energy threshold. 
A comparison between the average efficiency of the edge crystals with the 
average efficiency of the central crystals as a function of the energy threshold showed 
the extent of the problem associated with the non-uniformity and the need for 
uniformity correction after each data acquisition. Dependency of the efficiency of 
individual crystals on the energy threshold revealed the importance of employing the 
uniformity correction factors which at least have been acquired at the same energy 
threshold as the acquired data. 
The effect of the positron range on the spatial resolution by comparing the 
FWHM of the LSFs of 18F and 68Ge was also investigated. Variation in the shape of 
the LSFs and deterioration in their FWHM as the line source was moved from the 
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centre of field of view towards one of the detector blocks for the three scanning 
modes of I-NN, 3-NN, and 8-NN was demonstrated and it was concluded that these 
changes are proportional to the ratio of the source distance from the centre to the 
detector block separation. 
It was shown that on average the FWHM of the LSFs of the central crystals 
with respect to that of the edge crystals had deteriorated by 34%. The deterioration in 
the FWTM of the LSFs of the crystals followed the same pattern and its rate was 
found to be almost twice that of the FWHM. These variations were related to the fact 
that the inner crystals suffer more from the inter-detector scattering and the possibility 
of the spread of the scintillation light to the surrounding crystals. 
When experimenting with small crystal elements which have dimensions of the 
order of a few mm, a commercial sealed line source which is a few mm thick can not 
be considered as a line source any more. In order to overcome this problem and to 
eliminate the introduction of preventable errors into the experimental results, in this 
study a method for the preparation of point sources and capillary line sources was 
introduced. This method which allows the experimenter to prepare a point or a line 
source which satisfies a particular experimental requirement is now widely accepted 
and employed at the MRC Cyclotron Unit and other reasearch groups in the field. 
Implementing a dual energy threshold scheme based on utilizing a higher 
energy threshold for the inner detector crystals was proposed as a remedy for the 
rejection of the scattered events which are currently detected in the wide energy 
window uniformly set for all the detector elements. The simulation of application of 
dual energy threshold, employing the experimental data, presented promising results 
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in excluding the unwanted events from the central crystals and also reducing the 
variation in the efficiency of the detector elements across the face of the detector 
block. But implementing such a scheme in conjunction with the fact that the energy 
distribution of the inter-detector scattering events, from the crystals in the immediate 
neighbourhood of the crystal of interest which are the main contributors of the 
scattered photons , is to a great extent similar to the distribution of non-scattered 
events may result in the recovery of only a small part of the spatial resolution lost due 
to inter-detector scattering. It is necessary to emphasise that a great number of inter-
detector scattered events contributing to the deterioration of the spatial resolution will 
still be detected. Therefore, reducing the size of the detector crystals in order to 
achieve a better spatial resolution, apart from some of the disadvantages resulting in 
the increase of the variation of other factors discussed above, will certainly increase 
the number of the scattered events and consequently their contribution in worsening 
the spatial resolution. Another disadvantage of increasing the number of crystals by 
cutting smaller crystals in a single detector block, which require a bigger number of 
cuts, is that the geometric efficiency of the system will be reduced. This is due to 
replacement of detector material with cuts or grooves ( air ). 
Despite the problems associated with the detector blocks incorporating small 
detector crystals, there has been recently an increased interest in improving the spatial 
resolution of PET scanners by cutting the block of BGO crystals into even smaller 
detector elements [ Raj 93, and Rog 93 ]. For a small diameter PET system which 
incorporates BGO blocks each of which is segmented into an array of 7 x 8 crystal 
elements ( 3.0 mm (transaxial) x 6.0 mm (axial) x 30 mm deep) [ Raj 93 ], transaxial 
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resolution of 3.0 mm has been reported. This resolution, which is not much different 
from the resolution of the mini PET system used in this work, is achieved by 
employing two of these detector blocks in the same arrangement as the mini PET 
system reported in the previous chapters [ Raj 94 ]. Even for Hamamatsu animal PET 
scanner ( SHR-2000 ) which incorporates 1.7 mm wide BGO crystals, a transaxial 
resolution of 3.0 mm has been reported [ Wat 92 ]. Hence, prior to employing such 
detector blocks, it is better to make a balance between the gain in the spatial 
resolution by reducing the size of detector crystals and the loss not only in the spatial 
resolution due to increase in the inter-crystal scattering but also deterioration in the 
other factors discussed above. In this study two techniques for measuring the amount 
of inter-crystal scattering events and their contribution in worsening the spatial 
resolution have been established. 
The first technique for measuring the inter-detector scattering developed in 
this study is based on collimating a point source on one of the detector crystals and 
evaluating the number of scattered events in the rest of the crystals in the detector 
block. The advantage of this technique over the techniques proposed by other groups 
(employing separate PMTs for each crystal and measuring the scatter fraction for the 
crystals in the immediate neighbourhood of the crystal of interest) is that the 
measurement can be performed on the system without altering the configuration of 
crystals with the PMTs. In this case not only the amount of inter-detector scattering 
can be evaluated for the three scanning modes of I-NN, 3-NN, and 8-NN employed, 
but also the distribution of inter-detector scattering over the whole detector block can 
be studied. 
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While assessing the variation of the LSFs of individual crystals across the 
detector block, the LSFs of the edge crystals on their outer side showed sharp decline. 
This was found to be due to the absence of the inter-crystal scattering events. By 
subtracting the supposed scatter free half of the LSFs of the edge crystals from their 
inner half the amount of inter-crystal scattered events contributed to the edge crystals 
and their contribution in worsening the spatial resolution of these crystals were 
evaluated. By taking into account the ratio of the number of crystals surrounding the 
central crystals to that of the edge crystals, the amount of scatter fraction for the 
central crystal was derived to be 36.3% + 0.7%. The spatial distribution of the inter-
crystal scattered events contributed to the central crystals was also found to have a 
FWHM of 1.4 mm. Then it was shown that the convolution of these scattered events 
with the ideal LSF of the detector crystals ( LSFidea1 ) will deteriorate their spatial 
resolution by 0.5 mm. 
As discussed in chapter 5 the contribution of scattered events from any crystal 
to the rest of the crystals comprising a detector block is equal to the contribution of 
the scattered events from all the crystals to that crystal regardless of the position of 
the crystal of interest. Considering the value of scatter fraction for the central crystal 
(i.e. 36.3% + 0.7%) obtained using the LSFs of the crystals and the fact that this value 
is in perfect agreement with the amount of scatter fraction obtained for the same 
crystal utilizing the collimated point source technique (i.e. 35.0% + 0.8%), one can 
conclude that using the LSFs of the edge crystals in order to obtain the scatter fraction 
of individual detector crystals is an easy and valid technique. 
Manufacturers are currently producing PET systems comprising BGO blocks 
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which are cut into an array of small detector elements. At the same time vanous 
research groups mentioned above are encouraging manufacturers to cut detector blocks 
into a bigger number of even smaller elements in order to achieve a better spatial 
resolution. This is done without proper consideration of the role of inter-detector 
scattering. In the previous generation of PET systems where bigger crystals of NaI(TI) 
coupled to individual PMTs were employed, a smaller number of scattered photons 
could escape into the neighbouring crystals which could be eliminated because of the 
incorporation of separate PMTs for each crystal element. Then the important issue was 
how to eliminate or reduce the effect of scattered events originating from the object 
of interest. This study draws the attention of research groups and the manufacturers 
to the fact that since eliminating the inter-detector scattered events due to their 
intrinsic nature is almost impossible, in determining the geometrical dimensions of 
crystal elements, the amount and the effect of inter-detector scattered events must be 
considered seriously. 
6.2 Suggestions for Extension of This Work: 
The study of inter-detector scattering utilising a collimated point source, as 
proposed in chapter 5, revealed the potential of the mini PET system as a multi 
purpose emission and transmission tomography system. This means that in addition 
to Positron Emission Tomography ( PET ), this system can also be developed for 
Single Photon Emission Computerized Tomography ( SPECT ) and transmission 
tomography. By employing this system for SPECT, the singles data matrices of both 
detector blocks could be used in image reconstruction. Therefore, two separate 
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multihole ( an array of 6 x 8 ) lead collimators were designed for both detector blocks. 
The diameter of each hole was 1 mm. The collimators were made by the workshop 
of the Physics Department of the University of Surrey. Unfortunately, due to unforseen 
hardware problems with the mini-PET system at the MRC Cyclotron Unit, it was not 
possible to do any further studies in this field. One can extract useful information from 
the experiments already performed in chapter 5 regarding the inter-detector scattering 
and then evaluate the effect of such unwanted data on the SPECT images. Since the 
non-coincidence gamma-rays are not discarded in singles data matrix, these data suffer 
from a high level of background and a significant amount of scattered data as well. 
The average scatter fractions of singles data at 550 ke V threshold in the immediate 
neighbouring crystals to the target crystal in the horizontal and the vertical directions 
for both detector blocks were found to be almost 30% and 25%, respectively. The 
image of a collimated positron emitter point source reconstructed from singles data of 
block 0 acquired at 350 ke V energy threshold is illustrated in Image ( 6.1 ). This 
image and the 3-D representation of its data presented in Plot ( 6.1 ) shows the 
feasibility of engaging such a system in SPECT imaging. Usually low energy gamma-
rays, such as 140 keY gamma-rays from 99Tcm , are used in SPECT. In this case the 
number of inter-detector scattering events and the background level, due to relative 
increase in the photoelectric absorption and smaller probability in the escape of low 
energy Compton scattered photons out of the crystal elements, will decrease 
considerably. The thickness of the collimator should be calculated according to 
gamma-ray energies of the radionuclides being used in SPECT imaging. Here, the 
reduced thickness of the collimator will enlarge the solid angle which will result in 
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window set between 350 to 850 keY. 
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Plot ( 6.1 ): The 3-D representation of singles collimated point source with the 
energy window set between 350 to 850 keY. 
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enhancing the efficiency of the system in this mode. 
Since the mini PET system emnloys two opposing arrays of detector crystals 
the object of interest will only need to be rotated 180 degrees in order to acquire the 
necessary data for image reconstruction. The distance between the collimator holes in 
the horizontal and the vertical directions is exactly the same as the distance between 
the centres of two adjacent crystals in both directions. This means that if the image 
is required to have pixels of 1 mm dimensions, the object must have three 1 mm 
horizontal translation before it is rotated into the next projection angle. Similarly at 
every 1 mm horizontal step the object must be elevated a number of vertical 1 mm 
steps to cover the vertical gap between the collimator holes. 
This system in SPECT mode will provide us with 96 separate detectors which 
will reduce the imaging time accordingly. This means that apart from a possible 
reduction in the amount of radioactivity used, the capability of the experimenter in 
terms of the number of studies will increase proportionately and could allow rapid 
dynamic studies to take place. 
For transmission tomography an extended radioactive source which is 
collimated by a multi hole collimator, having exactly the same array as the detector 
crystals (6 x 8 ), could be set opposite to one of the collimated detector blocks. Here 
in comparison to the case where only one detector is incorporated in a transmission 
tomography system, the number of translations of the object of interest in both 
horizontal and vertical directions will be reduced considerably. The reduction in the 
number of translations of the object and consequently the imaging time will depend 
on the size of the object and the number of the detector crystals. 
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In addition to these advantages, the economical benefit of building such a multi 
purpose system justify further research to be carried out on this proposal. 
194 
REFERENCES 
[ And 89 ] Anderson D. F. Properties of a High-Density Scintillator Cerium 
Fluoride ,* IEEE Trans. Nucl. Sci. *, Vol. 36 No.1, 137-140 , (1989). 
[ And 90 ] Anderson D. F. # Cerium Fluoride: a Scintillator for High-Rate 
Applications #,* Nuc!. lnst. and Meth. in Phys. Research *, A287 ,602-612 ,(1990). 
[ And 83 ] Anderson D. F. Bouclier R. Charpak G. Majewski S. # Coupling 
of Baj2 Scintilator to a TMAE Photocathode and Low Pressure Wire Chamber #, * 
Nucli. lnst. and Meth. *,217 ,217-223 , (1983). 
[ And 84 ] Anderson D. F. Charpak G. Van Gagern C. H. Majewski S. # 
Recent Developments in BaF2 Scintillator Coupled to a Low-Pressure Wire Chamber 
#,* Nucli. lnst. and Meth. *,225 , 8-12 , (1984). 
[ Bal 82] Baline J. Ficke D. Hitchens R. Holmes T. # Data Acquisition Aspect 
of Super-PET #,* IEEE trans. Nucli. Sci. *, Ns-29 No.1, 543-547 , (1982). 
[ Bar 90 ] Barresi S. Bollini D. Del Guerra A. # Use of a Transputer System for 
Fast 3-D Image Reconstruction in 3-D PET #,* IEEE Trans. Nucli. Sci. *, Vol. 37 no. 
2 , 812-816 , (1990). 
[ Bar 81 ] Barrett H. Swindell W. # Radiological imaging #, * New York: 
Academic Press (1981). 
[ Bat 84 ] Bateman J. E. # X-Ray and Gamma Imaging With Muitiwireproportionai 
Counters #,* Nucli. lnstr. and Meth. *, 176 ,131-141 , (1984). 
195 
[ Bat 80 ] Bateman J. E. Connolly J. F. Stephenson R. Flesher A. C. #The 
Development of the Rutherford Laboratory MWPC Positron Cammera #,*Nuc1i. Instr. 
and Meth. *, 176 , 83-88 , (1980). 
[ Bat 89] Bateman J. E. Connolly J. F. Stephenson R. Marsden pk. OTT Rj. 
SUCKLING J. # Development Studies for a High Rate Positron Camera based on a 
BaF2 / TMAE System #,* Nucli. Instr. and Meth. *, A283 ,436-444 , (1989). 
[ Bat 84 ] Bateman J. E. Connolly J. F. Stephenson R. Tappern G. J. Flesher 
A C. # The Rutherford Appleton Laboratorys Mark 1 multi-wire proportional counter 
positron camera #,* Nucl. Instr. and Meth. *, 225 , 209-231 , (1984). 
[ Ber 80 ] Bergstrom M. Bohm C. Ericson K. # Corrections for Attenuation, 
Scattered Radiation and Random Coincidences in a Ring Detector Positron Emission 
Transaxial Tomograph #,* IEEE Trans. Nucl. Sci. *, NS 27 , 549-554 , (1980). 
[ Bic 90 ] Bice A. N. Lewellen T. K. Miyaoka R. S. Harrison R. L. Hagnor 
D. R. Pollard K. R. Anson C. P. Gillispie S. B. # Monte Carlo Simulation of BaF2 
Detectors Used in Time-of Flight Positron Emission Tomography#,* IEEE Trans. 
Nucli. Sci. *, 37 No.2, 696-701 , (1990). 
[ Bir 64 ] Birks J. B. The Theory and Practice of Scintillation Counting ,* Oxford, 
England, Pergamon Press, 473-474 , (1964). 
[ Boh 86 ] Bohm C. Holte S. Kesselberg M. Eriksson L. Bergstrom M. 
Litton J. # Detector Blocks for High Resolution Positron Emission Tomography. #, * 
SPIE Proceedings *, 671 ,254-260 , (1986). 
[ Bud 77 ] Budinger T. F. Derenzo S. E. Gullberg G. T. # Emission Computed 
Assisted Tomography with Single Photon and Positron Annihilation Photon Emitters 
#,* J. Comput. Assist. Tomogr. *, 1 , 131-145 , (1977). 
196 
[ Bud 79 ] Budinger T. F. Derenzo S. E. Gullberg G. T. Huesman R. H. 
#Trends and Prospects for Circular Ring Positron Cameras. #,* IEEE Trans. Nucli. 
Sci. *, VOL. NS-26 No.2, 2742-2745 , (1979). 
[ Bur 84 ] Burnham C. A. Bradshow J. Kaufman D. # A Stationary Positron 
Emission Ring Tomograph Using BGO Detector and Analog Readout #, * IEEE Trans. 
Nucl. Sci. *, NS-31 No.1, 632-636 , (1984). 
[ Cas 86 ] Casey M. E. Nutt R. # A Multislice Two Dimensional BGO Detector 
System for PET #,* IEEE Trans Nucl Sci *, NS-33 No.1, 460-463 , (1986). 
[ Che 91 ] Cherry S. R. Dahlbom M. Hoffman E. J. # 3D PET Using a 
Conventional Multislice Tomograph Without Septa. #,* J. Comput. Assist. Tomogr. 
*, Vol. 15 No.4, 655-668 , (1991). 
[ Cho 75 ] Cho Z. H. Chan J. K. Eriksson L. Singh M. Graham S. 
MacDonald N. S. Yano Y. # Positron Ranges Obtainedfrom Biomedically Important 
Positron Emitting Radionuclides #,* J Nucl Med *, 16 , 1174-1176 , (1975). 
[ CIa 89 ] Clack R. Townsend D. Defrise M. # An Algorithm for 
Three-Dimensional Reconstruction Incorporating Cross-Plane Rays #,* IEEE Trans. 
Med. Imaging *, Vol. 8 No.1, 32-42 , (1989). 
[ Col 80 ] Colsher J. G. # Fully Three-Dimensional Positron Emission 
Tomography.#,* Phys. Med. BioI. *, Vol. 25 No.1, 103-115 , (1980). 
[ Cut. 91 ] Cutler P. D. and Hoffman E. J. # Use of Digital Front End Electronic 
for Optimization of a Modular PET Detector #,* IEEE Medical Imaging Conference 
Record Sci., Vol. 3, 1598-1602, (1991). 
[ Dah 87] Dahlbom M. # An Investigation of the Physical Factors Affecting the 
Implementation of High Resolution PET. #,* PhD Thesis University of California Los 
197 
Angeles. *, (1987). 
[ Dah 89 ] Dahlbom M. Erikson L. Rosenquist G. Bohm C. # A Study of the 
Possibility of Using Multi-Slice PET Systems for 3D Imaging #,* IEEE Trans. Nucli. 
Sci. *, Vol. 36 No.1, 1066-1071 , (1989). 
[ Dah 85 ] Dahlbom M. Hoffman E. J. Ricci A. R. # An Experimental and 
Theoretical Comparison of BGO and BaF2 as Detectors for High Resolution PET. #, * 
J Nuc1 Med *, 26 , P103-P103 , (1985). 
[ Dah 88 ] Dahlbom M. Hofman E. J. # An Evaluation of a two Dimentional 
Array of Detector for High Resolution PET #,* IEEE Trans. Med. Imag. *, Vol. 7 No. 
4 , (1988). 
[ Dah 85 ] Dahlbom M. Mandelkern M. A. Hoffman E. J. Ricci A. R. Barto 
J. B. Iwanczyk 1. S. Dabrowski A. J. # Hybride Mercuric Iodide (HgI2)-
Gadolinium Orthosilicate ( GSO ) Detector for PET. #,* IEEE Trans. Nucl. Sci. *, 
Vol. NS-32 No.1, 533-537 , (1985). 
[ Def 88 ] Defrise M. Kuijk S. Deconinck F. # A New Three Dimensional 
Reconstruction Method for Positron Cameras Using Plane Detectors #,* Phys. Med. 
Biol. *, 33 No.1, 43-51 , (1988). 
[ Def 89 ] Defrise M. Townsend D. W. Clack R. # Three-Dimensional Image 
Reconstruction from Complete Projections #,* Phys. Med. Biol. *, Vol. 34 No.5, 
573-587 , (1989). 
[ Der 79 ] Derenzo S. E. # Precision Measurement of Annihilation Point Spread 
Distributions for Medically Important Positron Emitters. #,* Proceedings of the 5th 
international conference on positron annihilation. *, Sendai. Japan. , 819-824 , (1979). 
[ Der 86 ] Derenzo S. E. # Recent Development in Positron Emission Tomography 
198 
(PET) Instrumentation. #,* SPIE Proceedings *, 671 , 232-243 , (1986). 
[ Der 86] Derenzo S. E. Budinger T. F. # Advanced Instrumentation/or Positron 
Emission Tomography. #,* Berkely CA U.S.A:'<, (1986). 
[ Der 77] Derenzo S. E. Budinger T. F. Cahoon J. L. Huesman R. H. Jackson 
H. O. # #,* IEEE Trans. Nucl. Scie. *, Vol. Ns-24 No.1, - , (1977). 
[ Der 82 ] Derenzo S. E. Riles J. # Monte Carlo Calculations 0/ the Optical 
Coupling Between Bismuth Germanate Crystals and Photomultiplier Tubes. #,* IEEE 
Trans. Nucl. Sci. *, NS-29 , 191-195 , (1982). 
[ Der 88 ] Derenzo S. Huesman R. Cahoon J. Geyer A. # A Positron 
Tomograph with 600 BGO Crystals and 2.6 mm Resolution. #,* IEEE Trans. Nuel. 
Sci.*, 35 , 659-664 , (1988). 
[ Dig 90 ] Digby W. M. Dahlbom M. and Hoffman E. J. # Detector 
Shielding and Geometri Design Factors for a High-Resolution PET system. #, * IEEE 
Trans. Nucl. Sci., NS-37, 664-670, (1990) 
[ Ent 83 ] Entine O. Reiff O. Squillante M. Serreze H. B. Lis S. # 
Scintillation Detectors Using Large Area Silicon Avalanche Photodiodes #,* IEEE 
Trans Nuel Sci *, NS-30 , 431-435 , (1983). 
[ Eri 86 ] Eriksson L. Bergstrom M. Bohm C. Holte S. Kesselberg M. Litton 
J. # Figures 0/ Merit/or Different Detector Configurations Utilized in High Resolution 
Positron Cameras #,* IEEE Trans. Nucl. Sci. *, NS-33 No.1, 446-451 , (1986). 
[ Eri 87 ] Eriksson L. Bohm C. H. R. Kesselberg M. Hotte S. Bergstrom M. 
Litton J. # Design Studies of two Possible Detector Blocks for High Resolution 
Positron Emission Tomography o/the Brain #,* IEEE Trans. Nucl. Sci. *, NS-34 No.1 
, 344-348 , (1987). 
199 
[ Eva 55] Evans R. D. # The Atomic Nucleus #,* Krieger *, (1955). 
[ Haw 86 ] Hawkesworth M. R. O'Dwyer M. A. Walker J. Fowles P. 
Heritage J. Stewart P. A. E. Witcomb R. C. Bateman J. E. Connolly J. F. 
Stephenson R. # A Positron Cammerafor Industrial Application #,* Nucl. lnstr. and 
Meth. *, A253 , 145-157 , (1986). 
[ Hen 81 ] Hendry G. O. # Design and Perrormance of a Compact °H Cyclotron. 
# Proceedings of 9th International Conf., Caen, France, ( 1981 ) 
[ Her 80 ] Herman G. T. # Image Reconstruction From Projections: The 
Fundamentals of Computerised Tomography. #,* Academic press *, New York, - , 
(1980). 
[ Hof 87] Hoffman E. J. # Signal to Noise Improvement in PET Using BGO. #,* 
Proceedings of NATO ASI Physics and Engineering of Medical Imaging *, E119 , 
874-880 , (1987). 
[ Hof 76 ] Hoffman E. J. Phelps M. E. # An Analysis of Some of thew Physical 
Aspects of Positron Axial Tomography. #,* Comput. BioI. Med. *, 6, 345-360, 
(1976). 
[ Hof 78] Hoffman E. J. Phelps M. E. # Resolution Limits for Positron Imaging 
Devices. #,* J. Nucl. Med. *, 18 ,491-492 , (1978). 
[ Hof 82 ] Hoffman E. J. Phlps M. E. Huang S. C. Plummer D. Kuhl D. E. 
# Evaluating the Performance of a Multiplane Positron Tomographs Designed for 
Brain Imaging #,* IEEE Trans. Nucl. Sci. *, Vol. NS-29 No.1, 469-473 , (1982). 
[ HoI 89 ] Hollander R. W. Schotanus P. Van Eijk C. W. E. # Recent 
Developments for BaF2 / TMAE PET - Camera #,* Nudi. lnstr. and Meth. *, A283 
200 
, 448-453 , (1989). 
[ HoI 85] Holmes T. J. Ficke D. C. # Analysis of Positron Emission Tomography 
Scintillation Detectors with Wedge Faces and Intercrystal Septa. #, * IEEE Trans. 
Nucl. Sci. *, NS-32 , 826-834 , (1985). 
[ HoI 84a] Holmes T. J. Ficke D. C. Snyder D. L. # Modeling oj Accidental 
Coincidences in both Conventional and Time-oj-Flight Positron Emission 
Tomography #,* IEEE Trans. Nueli. Sci. *, Ns-31 No.1, 627-631 , (1984). 
[ HoI 84b] Holmes T. J. Snyder D. L. Ficke D. C. # The Effect of Accidental 
Coincidences in Time-oj-Flight Positron Emission Tomography #,* IEEE Trans. Med. 
Imag. *, MI-3 No.2, 68-79 , (1984). 
[ Hua 81] Huang S. C. Carson R. E. Phelps M. E. Hoffman E. J. Schelbert 
H. R. Kuhl D. E. # A Boundary Method for Attenuation Correction in Positron 
Computed Tomography #,* J. Nucl. Med. *,22 , 627-637 , (1981). 
[ Hua 79 ] Huang S. C. Hoffman E. J. Phelps M. E. Kuhl D. E. # Quantitation 
in Positron Emission Tomography: 2. Effects oj Inacurate Attenuation Correction #,* 
J. Comput Assist Tomogr *, 3(6): Raven Press New York. , 804-814 , (1979). 
[ Hub 82 ] Hubbel H. # Photon Mass Attenuation and Energy Absorption 
Coefficients From 1 keV to 20 MeV. #,* Int. J. Appl. Radiat. Isot. *,33 , 1269-1290 
, (1982). 
[ Jea 80 ] Jeavons A. P. Kull K. Lindberg B. Lee G. Townsend D. Fery 
P. Donath A. # A Proportional Chamber Positron Camera for Medical Imaging #,* 
Nueli. Instr. and Meth. *, 176 , 89-97 , (1980). 
[ Kak 88 ] Kak A. . C. Slaney M. # Principles of Computerised Tomographic 
Imaging. #,* IEEE Press *, (1988). 
201 
[ Kar 91 ] Karp J. S. Kinahan P. E. Mankoff D. A. # Positron Emission 
Tomography With a Large Axial Acceptance Angle: Signal-to-Noise Considerations 
#,* IEEE Trans. Med. Imag. *, Vol. 10 No.3, 249-255 , (1991). 
[ Kin 89 ] Kinahan P. E. Rogers J. G. # Analytic 3D Image Reconstruction Using 
All Detected Events. #,* IEEE Trans. Nudi. Sci. *, Vol. 36 No.1, 964-968 , (1989). 
[ Kno 89] Knoll G. F. Radiation Detection and Measurement,* USA, Jhon wiley 
& sons, 1989). 
[ Kou 82 ] Kouris K. Spyrou N. M. Jackson D. F. # Imaging with Ionising 
Radiations, Progress in Medical and Environmental Physics #,* Vol. 1 *, Surrey 
University Press / Blackie , Glasgow and London- , (1982). 
[ Kri 77] Krizek H. Harper P. V. Grant P. M. Et al # Generator Production 
of 82Rb for Clinical Use. #,* J. Nucl. Med. *, 18 , 609- , (1977). 
[ Lav 83] Laval M. Moszynski M. Allemand R. Choromoreche E. Guinet 
P.Odru R. Vacher J. # Inorganic Scintillator for Subnanosecond Timing #,* Nucl. 
Instr. Meth *, 206,169-176 , (1983). 
[ Lec 91] Lecomte R. # Analytical Study of Performance in a 3D PET Scanner 
#,*Phys. Med. BioI. *, Vol. 37 No.3, 623-634 , (1991). 
[ Lec 85 ] Lecomte R. Schmitt D. Lamoureux G. # Geometry Study of a High 
Resolution PET Detection System Using Small Detectors. #,* IEEE Trans. Nucl. Sci. 
*, NS-32 , 482-486 , (1985). 
[ Led 67 ] Lederer C.M. Hollander J. M and Perlman I. # Table of Isotopes 
#, * 6th Ed. * ( John Wiley and sons, New York) , ( 1967 ). 
202 
[ Lew 89 ] Lewellen T. K. Harrison R. L. Bice A. N. # An Experimental 
Evaluation oj the Effect of Time-oj-Flight Information in Image Reconstructions Jor 
the Scanditronix / PEIT Electronics SP-3000 Positron Emission Tomograph -
Preliminary Results #,* IEEE Trans. Nucli. Sci. *,36 No.1, 1095-1099, (1989). 
[ Lig 86 ] Lightstone A. W. McIntyre R. J. Lecomte R. Schmitt D. # A 
Bismuth Germanate Avalanche Photodiode Module Designed for use in High 
Resolution Positron Emission Tomography #,* IEEE Trans. NucI. Sci. *, NS-33 , 
456-459 , (1986). 
[ Lim 75] Lim C. B. Chu D. Kaufman L. Perez-Mendez V. Hattner R. Price 
P. C. # Initial Characterization of a Multi-Wire Proportional Chamber Positron 
Camera #,* IEEE Trans. Nucli. Scie. *, Vol. NS-22 , 388-394 , (1975). 
[ Mar 89 ] Marsden P. K. Ott R. J. Batteman J. E. Chery S. R. Flower M. 
A. Webb S. # The Performance oj a Multi-Wire Proportional Chamber 
Positron Camera for Clinical Use #,* Phys. Med. BioI. *,34 , No. 8-1043, (1989). 
[ Moz 90 ] Mazoyer B. Trebossen R. Schoukroun C. Verrey B. Syrota A. # 
Physical Characteristics of TTV032 , A New High Spatial Resolution Time-oj-Flight 
Positron Tomograph #,* IEEE trans. Nuc1i. Sci. *,37 No.2, 778-782 , (1990). 
[ McE 84 ] McElvany K. D. Hopkins K. T. Welch M. J. # Comparison of 
68Ge/68Ga Generator Systems for Radiopharmaceutical Production. #, * Int. J. AppI. 
Radiat. Isot. *, 35 , 521- , (1984). 
[ Mic 86 ] Michau J. C. Pichard B. Soirat J. P. Spiro M. Vignaud D. # The 
Performance of UV Sensetive Multiwire Proportional Chamber Filled with TMAE #, * 
Nuc1i. Instr. and Meth. *, A244 , 565-570 , (1986). 
[ Mic 91] Michel C. Bol A. Spinks T. Townsend D. Bailey D. Grootoonk 
S. Jones T. # Assessment of Response Function in two PET Scanners With and 
203 
Without lnterplane Septa. #,* IEEE Trans. Med. Imag. *. Vol. 10 No.3, 240-247 , 
(1991). 
[ Min 88a] Mine P. Charpak G. Santiard J. C. Scigocki D. Suffert M. 
Tavernier S. # Test of BaF2-TMAE Detector for Positron Emission Tomography #,* 
Nuc1i. Instr. and Meth. *, A269 , 385-391 , (1988). 
[ Min 88b] Mine P. Santiard J. C. Scigocki D. Suffert M. Tavernier S. 
Charpak G. # A BaF2-TMAE Detector for Positron Emission Tomography #,* Nucli. 
Instr. and Meth. *, A273 , 881-885 , (1988). 
[ Min 87] Min H. B. Ra J. B. Jung K. J. Hilal S. K. Cho Z. H. # Detector 
Identification in a 4 x 4 BGO Crystal Array Coupled to Two Dual PMTs for High 
Resolution Positron Emission Tomography #,* IEEE Trans. Nucl. Sci. *, NS-34 No. 
1 , 332-336 , (1987). 
[ Mos 81] Moszynski M. Gresset C. Vacher J. Odru R. # Properties of CsF, 
A Fast Inorganic Scintillator in Energy and Time Spectroscopy #, * Nucl. Instr. Meth. 
*, 179 , 271-276 , (1981). 
[ Moy 90 ] Moyer J. C. # A High Performance Detector Electronics System for 
Positron Emission Tomography. #,* Master of Science University of Tennessee 
Knoxville. (1990). 
[ Mul 80 ] Mulani N. Ficke D. C. Ter-Pogossian M. M. # CsF: A New Detector 
for PET #,* IEEE Trans. Nucl. Sci. *, NS-27 , 572-575 , (1980). 
[ Mul 80] Mullani N. A. Ficke D. C. Ter POgossian M. M. # Cesium Fluoride: 
A New Detector for Positron Emission Tomography #,* IEEE Trans. Nucli. Sci. *, 
Ns-27 No.1, (1980). 
[ Mul 82 ] Mullani N. Wong W. Hartz R. Philippe E. Yerian K. # 
204 
Improvement of TOF PET by the Utilization of Inter-Slice Coincidences #,* IEEE 
Trans. Nucli. Sci. *, Ns-29 No.1, 479-483 , (1982). 
[ Mur 82 ] Murayama H. Nohara N. Tanlka E. Hayashi T. # A Quad BGO 
Detector and its Timing and Positioning Discrimination for Positron Computed 
Tomography #,* Nucl. Instr. Meth. *, 192 , 501-511 , (1982). 
[NCRP 85] NCRP Report #,* A Handbook of Radioactivity Measurements 
Procedres, With Nuclear Data for Some Biomedically Important Radionuclides #, * 
Recommendations of the National Council on Radiation Protection and Measurements, 
(1985) 
[ Nie 81] Nierinx R. D. Kronange J. F. Gennaro G. P. et al # New 82Srf2Rb 
Generators Based on Inorganic Absorbants. #,* J. Nucl. Med. *,22 , 245- , (1981). 
[ Noh 85 ] Nohara N. Tomatani T. Yamamoto M. Murayama H. # Analytical 
Study of performance of high resolution Positron Emission Computed Tomographs for 
animal study #,* IEEE. Trans Nucli. Sci. *, Vol. N-S-32 No.1, 818-821 , (1985). 
[ Odw 88] O'dwyer M. A. Hawkesworth M. R. Walker J. # Aspects of the 
Application of Positron Emission Tomography to Engineering Studdies #,* Nucl. Instr. 
and Meth. *, A273 , 898-903 , (1988). 
[ Ott 88 ] Ott R. J. Marsden P. K. Flower M. A. Webb S. Cherry S. 
McCready V. R. # Clinical PET with a Large Area Multi-Wire Proportional Chamber 
PET Camera #,* Nucl. Instr. and Meth. *, A269 ,436-442 , (1988). 
[ Phe 75] Phelps M. E. Hoffman E. J. Huang S. C. Ter-Pogassian M. M. # 
Effect of Positron Range on Spatial Resolution #,* J. Nucl. Med. *, 16 , 649-652 , 
(1975). 
[ Phe 86 ] Phelps M. Mazziotta J. Schelbert H. # Positron Emission Tomography 
205 
and Autoradiography: Principles and Applications for Brain and Heart. #,* Raven 
Press New York *, , 237-286 , (1986). 
[ Pol 90] Politte D. G. # Image Improvements in Positron Emission Tomography 
Due to Measuring Differential Time-of-Flight and Using Maximum Likelihood 
Estimation #,* IEEE Trans. Nudi. Sci. *, 37 No.2, 737-742 , (1990). 
[ Raj 89 ] Rajeswaran S. # Arterial Counting in Positron Emission Tomography #, * 
MSc. Thesis University of Surrey *, , (1989). 
[ Raj 93] Rajeswaran S. Hume S. P. Lammertsma A. A. Jones W. F. Byars 
L. O. Young J. Andreaco M. Williams C. W. and Jones T. # Performance of a 
PET Camera for Small Animal Studies #,* Journal of Cerebral Blood Flow and 
Metabolism * Vol. 13 Suppl. 1, (1993). 
[ Raj 94 ] Rajeswaran S. # Private Correspondance # MRC Unit at Hammersmith 
Hospital #, (1994). 
[ Ric 87 ] Ricci A. R. Dahlbom M. Hoffman E. J. # Comparison of Efficiency, 
Resolution and Crosstalk for Detectors Employed in Positron Emission Tomography. 
#, * Proceedings of NATO ASI Physics and Engineering of Medical Imaging *, E 119 
, 928-933 , (1987). 
[ Ric 82 ] Ricci A. R. Hoffman E. J. Phelps M. E. Huang S. C. Plummer 
D. Carson R. # Investigation of a Technique for Providing a Pseudo-Continuous 
Detector Ring for PET. #,* IEEE Trans Nud Sci *, NS-31 ,452-456 , (1982). 
[ Rog 93 ] Rogers J. G. # Testing 144- and 256-Crystal BGO Block Detectors # 
, (1993). 
[ Rog 89] Rogers J. G. Harrop R. Coombes G. H. Wilkinson N. A. Atkins 
M. S. # Design of a Volume Imaging Positron Emission Tomograph #,* IEEE Trans. 
206 
Nucli. Sci. *, Vol. 36 No.1, 993-997 , (1989). 
[ Ron 84] Roney J. M. Thompson C. J. # Detector Identification with Four BGO 
Crystals on a Dual PMT #,* IEEE Trans. Nucl. Sci. *, NS-31 No.5, 1022-1027 , 
(1984). 
[ Sch 89 ] Schotanus P. Van Eijk C. W. E. Hollander R. W. # A Gamma 
Camera for PET Using a Barium Fluoride Scintillator and a TMAE Filled Wire 
Chamber #,* Nucli. Instr. and Meth. *, A283 , 448-453 , (1989). 
[ Sch 89 ] Schotanus P. Van Eijk C. W. E. Hollander R. W. # A New Gamma 
Camera for Positron Emission Tomography #, * IEEE Trans. Nucli. Sci. *, 36 No. 1 
, 1090-1095 , (1989). 
[ Sch 87] Schotanus P. Van Eijk C. W. E. Hollander R. W. Pijpelink J. # 
Development Study of a New Gamma Camera #,* IEEE Trans. Nucl. Sci. *, Ns-34 
No.1, 272-276 , (1987). 
[ Shi 88] Shimizu K. Ohmura T. Watanab M. Uchida H. Yamashita T. #* 
Development of 3-D Detector System for Positron CT. #,* IEEE Trans. Nucl. Sci. *, 
Vol. 35 No.1, 717-720, (1988). 
[ Sny 82 ] Snyder D. L. # Some Noise Comparisons of Data Collection Arrays for 
Emission Tomography Systems Having Time-ol-Flight Measurements #,* IEEE Trans. 
Nucli. Sci. *, NS-29 No.1, 1029-1033 , (1982). 
[ Spi 92 ] Spinks T. J. Jones T. Bailey D. L. Townsend D. W. Grootoonk 
S. Bloomfied P. M. Gilardi M. C. Casey M. E. Spie B. Reed J. # Physical 
Performance of a Positron Tomographfor Brain Imaging with Retractable Septa. #, * 
Phys. Med. BioI. *,37 ,1637-1655 , (1992). 
[ Spi 88 ] Spinks T. J. Jones T. Gilardi M. C. Heather J. D. # Physical 
207 
Performance of the Latest Generation of Commercial Positron Scanner. #,* IEEE 
Trans. Nucli. Sci. *, Vol. 35 No.1, 721-725 , (1988). 
[ Suc 91] Suckling J. Ott R. J. Marsden P. K. Bateman J. E. Connolly J. 
F. Stephenson R. # A prototype BaF2 / TMAE low pressure multiwire proportional 
chamber for PET #,* IEEE Trans. Nucli. Sci. *,38 No.2, 703-708 , (1991). 
[ Tav 92 ] Tavernier S. Bruyndoncks P. Zhang Shuping # A Fully 3D Small PET 
Scanner #,* Phys. Med. BioI. *, Vol. 37 No.3, 635-643 , (1992). 
[ Ter 91] Terbossen R. Mazoyer B. # Count Rate Performance of 1TV03: The 
CEA-LETI Time-of-Flight Positron Emission Tomograph #,* IEEE trans. Nucli. Sci. 
*, 10 No.3, 261-266 , (1991). 
[ Ter 82 ] Ter Pogossian M. M. Ficke D. C. Yamamoto M. Hood J. T. # Super 
PET 1: A Positron Emission Tomograph Utilizing Photon Time-of-Flight Information 
#,* IEEE trans. Med. Imag. *, MI-l No.3, 179-184, (1982). 
[ Tom 85] Tomitani T. Nohara N. Murayama H. Yamamato M. Tanaka E. 
#Development of a High Resolution Positron CT for Animal Studies #, * IEEE Trans. 
Nucl. Sci. *, NS-32 No.1, 822-825 , (1985). 
[ Tow 89 ] Townsend D. W. Spinks T. Jones T. Geissbuhler A. Defrise M. 
Gilardi M. C. Heather J. # Three-Dimensional Reconstruction of PET Data from a 
Multi-Ring Camera #,* IEEE Trans. Nucli. Sci. *, Vol. 36 , 1056-1065 , (1989). 
[ Tza 90 ] Tzanakos G. Bhatia M. Pavlopoulos S. # A Monte Carlo Study of the 
Timing Resolution of BaF2 for TOF PET #,* IEEE Trans. Nucli. Sci. *, 37, No.5, 
1599-1604 , (1990). 
[ Uch 86 ] Uchida H. Yamashita T. Iida M. Muramatau S. # Design of a 
Mosaic BGO Detector System for Positron CT #,* IEEE Trans. Nuc!. Sci. *, NS-33 
208 
, 464-467 , (1986). 
[ Van 85] VanEijk C. W. E. Hollander R. W. Pijpelink J. Schotanus P. # 
Proc. 1984 Europ. Con! on optical systems and applications. #,* Soc. of 
Photo-optical Instrumentation Engineers *, SPIE , 492-549 , (1985). 
[ Wat 91 ] Watanabe M. Uchida H. Okada H. Shimizu K. Satoh N. 
Yoshikawa E. etaL # High Resolution PET for Animal Studies #,* Submited for 
presentation at the medical imaging conference during the 1991 IEEE Nuclear Science 
symposium. *, (1991). 
[ Wat 92 ] Watanabe M. Uchida H. Okada H. Shimizu K. Satoh N. 
Yoshikawa E. Ohmura T. Yamashita T. Tanaka E. # A High Resolution PET for 
Animal Studies #, IEEE Trans. Medi. Imag. , Vol. 11 No.4, 577-580, (1992). 
[ Web 88 ] Webb S. Ott R. J. Marsden P. K. Flower M. A. # Image 
Enhancement in PET Scanning with the Royal Marsden Hospital MWP Camera 
(MUP-PET). #,* Nucli. Instr. and Meth. *, A269 , 451-453 , (1988). 
[ Web 73 ] Weber M. J. Monchamp R. R. # Luminescence of Bi4Ge3012: 
Spectral and Decay Properties #,* J Appl Phys *,44 , 5495-5499 , (1973). 
[ Wei 86 ] Weinberg 1. N. Dahlbom M. Ricci A. R. Hoffman E. J. # Crystal 
Identification in Modular Detectors for High Spatial Resolution PET. #,* SPIE 
Proceedings *, 671 , 420-424 , (1986). 
[ Wil 77 ] Williams B. # Compton Scattering: The Investigation of Electron 
Momentum Distributions. #,* McGrow-Hill *, (1977). 
[ Yam 82 ] Yamamoto M. Ficke D. C. Ter-Pogossian M. M. # Experimental 
Assessment of the Gain Achived by the Utilization of Time-of-Flight Information in 
a Positron Emission Tomograph ( Super PET 1 ) #,* IEEE Trans. Medi. Imag. *, 
209 
MI-1 No.3, 187- , (1982). 
[ Yam 89 ] Yamamoto M. Nohara N. Takana E. Tomitani T. Murayama H. 
# Time-oj-Flight Positron Imaging and Resolution Improvement by an Iterative 
Methode #,* IEEE Trans. Nucli. Sci. *,36 No.1, 998-1002 , (1989). 
[ Yam 90 ] Yamashita T. Watanabe M. Shimizu K. Uchida H. # High 
Resolution Block Detectors for PET #, * IEEE Trans. Nucl. Sci. *, 33 , 420-424, 
(1990). 
210 
